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PREFACE
 

There are three volumes in a set comprising the final report on "Investiga

tion of Storage System Designs and Techniques for Optimizing Energy Conserva

tion in Integrated Utility Systems", prepared by Battelle's Columbus
 

Laboratories for the Urban Systems Projects Office at NASA, Johnson Space
 

Center, under Constract No. NAS 9-14628. The volumes are entitled:
 

* 	Volume I - Executive Summary 

* 	Volume II - Application of Energy Storage to IUS 

* 	Volume III - Assessment of Technical and Cost 

Characteristics for Candidate IUS Energy Storage 

Devices. 

Volume III is a collection of monographs which discuss each of the energy
 

storage categories assessed in the study' It is thought that this volume
 

will not only serve as a backup reference for Volumes I and II, but also
 

serve as an introductory work for readers who have an interest in energy
 

storage technology, but have not been exposed to much of the literature in
 

this area. Volume III, therefore, briefly covers the basic theory of
 

operation of each of the energy storage categories and contains extensive
 

reference lists which serve as a guide to tbe information available.
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1. INTRODUCTION
 

The central issue of this study was identified and discussed in detail in
 

the preceding Volumes I and II. It is briefly restated below to indicate
 

the primary focus for this volume of supporting technical material.
 

"As part of the continuing quest for methods of
 

conserving energy and minimizing costs, this study
 

has been directed at examining.the potential role
 

of energy storage in the conceptual setting of the
 

Integrated Utility System (IUS)."
 

Battelle's recent participation in a previous program on energy storage for
 

*
electric utility application (1 ) served as a useful point of departure for
 

the subject study despite some obvious differences in the scale of
 

application (i.e., the gross difference in the power/energy levels involved).,
 

The six energy storage technologies (inertial, superconducting magnetic,
 

electrochemical, chemical, compressed air, and thermal) covered herein
 

were all previously assessed by the Battelle teams and were reevaluated
 

for specific applicability to the IUS. A seventh technology reported in
 

Reference 1, viz, underground pumped hydro, was excluded from this study,
 

because it was anticipated that restrictive siting requirements would be
 

a severely limiting factor.
 

To provide a perspective for the individual storage technologies, a brief
 

outline of the general nature of energy storage and its significance to
 

the user is presented in the following section.
 

* 	 Superscript numbers refer to references listed at the end of each-major 

Section of this Volume. 
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Reference for Section 1
 

(1), 	Schneider, T. R., "An Assessment of Energy Storage Systems Suitable for
 
Use by Electric Utilities", Public Service Electric and Gas Company,
 
Final Report on ERDA 'Contract Number E(l1-1)-2501 and EPRI Research
 
Project 225 (December, 1975), Three Volumes.
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2. GENERAL BACKGROUND ON ENERGY STORAGE
 

The general notion of storing energy for release (i.e., power generation)
 

at a desired time is certainly not new in view of the fact that any form
 

of fuel is an energy store. Perhaps the most general observation that can
 

be made about energy storage is that it affords the means for smoothing out
 

duty cycles that exhibit large excursions from the ideal match between
 

power supply and demand. That is, under those circumstances when power is
 

(inherently and/or desirably) being generated continuously, it may be
 

cost-effective to store excess energy during "off-peak" demand time
 

intervals and to recover it for peak demand utilization. The fundamental
 

trade-off involved is the acceptance of inefficiencies and cost associated
 

with energy storage to gain whatever technical and economic advantages
 

occur from more flexible allocation and control of resources for power
 

generation.
 

Although the preceding generalizations are valid for practical scenarios
 

involving useful energy/power transformations (e.g., for transportation
 

vehicle propulsion), the implications for electric power generation are
 

among the most compelling in applied technology today. A variety of
 

reasons have accumulated to focus intense interest on this technological
 

area.
 

& 	An electric power generating system must have
 

sufficient capacity to meet peak demand plus
 

reserve capacity to assure reliability of power
 

delivery. However,
 

0 Duty cycle characteristics are such that
 

a significant amount of capital intensive
 

generating equipment is idle over sizeable
 

portions of the cycle,
 

o 	Capital costs for generating equipment are
 

increasing rapidly and equipment delivery
 

lead times are lengthening,
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o Operational and maintenance costs, especially
 

for fuel, are escalating rapidly to the
 

point of challenging the cost-effectiveness
 

of equipment that use premium fossil fuels
 

(oil and natural gas).
 

e 	Concerns over global control of fuel production and over
 

dwindling reserves of premium fossil fuels have become
 

dominant driving forces for fuel conservation.
 

* 	Concern over environmental quality is a staunchily
 

supported driving force for air and water quality control
 

and for stricter'land use policy, in relation to
 

power plant siting.
 

* 	Assumption of increased nuclear power availability
 

and resurgence of (as jet) relatively plentiful and
 

low-priced coal may make the charging energy storage
 

devices during off-peak demand periods a much more
 

attractive/necessaryproposition.
 

These reasons, then, are forcing planners to reexamine existing mixes of
 

power generation equipment and future acquisition to meet an ever increasing
 

load.
 

Energy storage appears to have a potentially important role in this
 

situation. The technical details and strategies involved are complex, as
 
(1-12) .
evidenced in the literature - Most of the attention thus far has
 

been devoted to eitherrather small scale applications (transportation) or to
 

very large scale systems (electric utilities), and little to the intermediate
 

power/energy regime exemplified by the IUS. Thus, it is in this context
 

that energy storage technologies are reassessed in the following sections.
 

Details of the selected IUS application scenarios are described in Volume II
 

of this final report.
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3. INERTIAL ENERGY STORAGE
 

Basic Aspects of Inertial Energy Storage
 

The practical basis for inertial energy storage.is the kinetic energy associated
 

with a rotating mass that is radially and circumferentially symmetric about
 

the axis of rotation. Elementary rigid body mechanics yield the following
 

useful relationship for specific energy "stored" in a rotating mass, viz.,
 

Allowable stress 

(Kinetic energy per unit mass) a Density 

In equation form, this relationship becomes 

s P
 

where the constant of proportionality, Ks, characterizes the mass distribution 

and has been appropriately termed the "shape factor". K can be defined by 

choice of units to range from 0 to 1. 

It can also be found from similar arguments that the corresponding specific
 

angular momentum has the form
 

H = r (2K c)1/2 (2) 
o s P 

where the modified shape factor, K', is related-to K in Equation (1)by the
 
S S
 

radius of gyration, k, and (for practical convenience) the outer radius of
 

the rotating mass, r; that is,
 

K' k 2 (3 

s -r s 
0 

Note, too, that K' can range from 0 to 1.
 s 
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A rather extensive literature (References 1-51)* manifests the exploitation
 

of either Equation (1) or (2). The term "flywheel" has been loosely associated 

with energy storage applications; whereas, the use of "momentum wheel" is
 

clearly peculiar to momentum storage. This latter application is germane to
 

the present study to the extent of posing technological problems (e.g., materials,
 

system components, etc.) and suggesting solutions In common with energy storage.
 

Much of the literature indicates a concentration of effort in relatively small

scale energy storage (i.e., at the levels of tens and hundreds of kilowatt

hours) motivated by automotive and rail vehicle propulsion requirements. It
 

has only been recently that serious attention (14,51) has been directed toward
 

the multi-megawatt-hour levels in the domain of electric utility peak-shaving.
 

Between these extremes of energy storage lie the needs of the Integrated
 

Utility System (IUS).
 

Equation (1) is fundamental in configuring the rotating mass to maximize energy 

storage. However, the feasibility of incorporating an inertial energy storage
 

device into a well constrained system such as the IUS must also include con

sideration of techniques for (1) transferring energy to and from the rotating 

mass and (2) minimizing losses during idle time between energy transfers. From 

these three basic categories of system characteristics, a preliminary schematic
 

concept, such as shown in Figure 3.1, is presented as a means of identifying 

critical subsystems. Thus: (1) the desire to maximize specific energy storage 

is associated with the flywheel(s) and shaft; (2) the transfer of energy between 

the IUS busbar and the flywheels is associated with power conditioning, a 

motor/generator, and a coupling/gearbox; and (3) loss minimization suggests the 

criticality of bearings/lubricant, and the desirability of a vacuum enclosure
 

(which, in turn, poses a problem in seals/feedthroughs). Then those considera

tions, together with the choice of horizontal or vertical shaft orientation and
 

safety considerations, largely determine the support structure.
 

* This compilation is intended to provide convenient access to documentation. 
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POWER CONDITIONING 
EQUIPMENT 
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__ _ _ __PUMP 

FIGURE 3.1. SCHEMATIC OF AN INERTIAL ENERGY STORAGE 
CONCEPT APPLIED TO THE IUS 



Alternative Approaches for Implementation
 

Rotating Mass Configuration. Using Equation (1) as a guideline, an array of
 

shtpe-material combinations could be constructed. However, such a systematic
 

examination is not necessary, because it can be demonstrated from the litera

ture that some geometries lend themselves better to certain material/fabrica

tion techniques than to others. Four rotating mass configurations have been 

selected from the References as alternative candidates with a reasonable ex

pectation for successful application to the IUS. They are
 

* Laminated wheel
 

" Multirim wheel
 

" Brush wheel
 

" Constant-stress wheel.
 

Sketches of several of these configurations are shown in Figure 3.2. Suitable
 

types of materials and fabrication techniques are presented in Table 3.1,
 

which also provides a qualitative summary of several aspects of feasibility.
 

One of the technological developments that definitely paces the implementa

tion of inertial energy storage devices is that of composite materials (i.e.,
 

fibers embedded in a matrix material) which offer attractive a/p values for
 

Equation (1). Four kinds of fiber materials have received the most attention:
 

graphite, fiberglass, aramid, and boron. Various epoxy or polyester resin
 

formulations have served as the most common types of matrix materials.
 

Unfortunately, some overoptimism about the performance (specific energy, as
 

defined by Equation (M)) of composite material flywheels has resulted from
 

the use of single fiber strand (or tow) strength properties. For example,
 

consider the properties of a commercial graphite fiber listed in Table 3.2.
 

The ultimate tensile strength (UTS) of this fiber is 2.82 GPa (410 Ksi) 

minimum. However, after accounting for fiber variability, damage in passing
 

winding pulleys and resin volume in the composite material, a minimum UTS in
 

the range of 1.0-1.4 GPa (150-200 ksi) is probably a more realistic value for
 

design. Similarly for a commercial aramid, whose ptoperties are listed in
 

Table 3.3, the minimum tensile strength specified is 3.4 GPa (490 ksi).
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(A) Multirim Constant Thickness Wheel 

(B) Brush Wheel
 

FIGURE 3.2. SKETCHES OF CANDIDATE ENERGY 
WHEEL CONFIGURATIONS
 

3.5 -- DDUCIBILITY OF TH9 
NAL PAGE IS POOR 



TABLE 3.1. QUALITATIVE SUMMARY OF CANDIDATE INERTIAL ENERGY STORAGE WHEEL
 
SHAPE-MATERIAL COMBINATIONS
 

Coer.pt 

UsInated IsotropicHiterials 

tultirim 

(elerence 3 

Brugh
(g erecea. 35.n3.07, 
10i0,2) 


CeruteenStress 
•cotiriraiio. 

(Also prodcable as 
lgoinatedc nts p ) 

o d 

He Tever.,i) 

and Availability 

Hlgh-pntforaznce steels 
and tiienis. 111th 
serlen.c of this outit, 
specialty steels will he cou 
available in adequte 
quantites. 

High-strenth fibrous 
cposites. Due to asersgic 
co~ercl markets for 
advaned coposte. o.g., 
golf club, and tenisU rac.ut., 
narerialo could became avail-
able n adaqoate quanities. 

ad largele~d-tw.e soow", 

comer of .leties radainis 
smpaetof .upp ......In n,
ined o bevonsidered. 

e c 

DnIdirectienal hin -atrn.mth 
filaments Inplastic matrces 
*pultded" an rods On 1Ib1nt 
availability, se consent 
above en.. lslrlf " concept. 

Ideal In metallic aterials 
for mll flywheels.For 
larot, flywheels In this ton-
figuritin,hybridired 

•lerd" la~nintedeseepi 
of compositesend mawl (e.g * 

in foil foer') wouild it, 

attractive,
 

Convction fabrication sod 
Joiningprocesses applicable, 
hence, technology tronsfer it 
rapid. HOininal technological 
develOpFont required. 

ometo . lve sites of Fly-
wheels foreseen.R&D is 

required,tn particular, to 

minimize total fabrication 

coal and to achleve desired 

quality at acceptable pro-
c
 
du tion rat.e. 


Fabricaton technologyn 
("pultruion ) currently It 
advanced stage of develop-
cat r hih-voluso coRasea 
spplication.,O.C., ladders and 
rails.,ard bio for aerospace 
hardware, 

Fabrication and nondestructive 
lesting empnsive and diffl. 

cult fcco svoeuclunid", 
required whn forged metals 
only are ned. Considerable 
dsvelopocot is necessarv to 

redue most. 

Jbrsablitytfsadvant.. 

For large flywheels, sheets 

-st be Joined. plywheelnSt. 

limited due to density of 

steel. 

A sophisticated design. To 
optii.e onfiguraion, 
differentfiber.ost bo 

. used which increase quality 
asaurance problems. Men 
varous fibers are usd, 
consldrable test dat is 
reqotred. Quality assurance 

coslex., reaultiss 1. low 
production rate. Deiciencle 

in fobriration dofficult to 
rectify 

Rods occupy small portion of 
sept volumo adversely affect-
isg cost and size of systee. 
god.sae stressed unevenly, 

ueless tapered rods are used 

which pool production prob-

less. tod ftchorina at hub 
temple.. alpensive to produc., 
and causes atreas concentration 
problems. ifficult to
 
asmialn balance of flywhieol
 
due to ahodin or rods.
 

Large sheet asterials in 

n required. 

Difilt to tailor conpositen 
at lawcistand achio hgh 
fiber loadingeffiioneleb. 

alU sed comaposites 

) nica' 

Advanreges sn.0 

Simple and freature tolerant Highly feaslbic already In 
design. High ptopertie of 1976-1980 period. tlowLtr, 
thin terl. advintsseem, there ar site.1. ttiinh 
low eost fabrication and due to er,, drolg 
asembly. Can beurcesively requrents 
upgradcd b) substituting 
hither porforemse she.o 

Toe conctric ring design tonsiderable R&D IseOeDsrv. 
allow loawer cost, biher concprt is predicted, o oer, 

fiaIhie in 
satirisl to be used where period 
optism. Covontloal filament 

performance or heavier to b un 198.-'I 

or ap. windin, fabrication 
roes.e are applicahl Iith 

volume fflcient,. soilent 
riots can be incorporattd 
between xtructor.1 rings. 
Fracture tolerance c n he 
iseorp in the desire 

concept. 

Fibers ore stilired ito- lbele the ,rod..,Ilo wiii . 
ciently. Qulity assurance fnq) r, aui rd in co'a fnt.',
 
techniques can be auto..d .fti . hiahi
 
and incarporated as part a uf51~he In 1970-91',
 
the pu sorocc..truqio Filur prcIod
.

of rods is Cot catastropoic
 
Assebly on site Uiaimple.
 
as 1 trinlti..ron. 

Theorrtcolv there in t0 Feasiblein 1h. 1981l-1985 

pwteIt for a 'tUillored' ptrlid. Realn i or, pI.4i
optmiared doslcn With tren earion ,J terialyntis'
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acclplabillt' c tin, For pIt.' 
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TABLE 3.2. 	PROPERTIES OF CONTINUOUS FILAMENT
 
GRAPHITE FIBER
 

Property 	 Value
 

Nominal
 
Filament
 
Diameter,
 
.um 	 7.8-8.1
 

Average
 
Density,(a)
 

kg/m 3 	 1780-1830
 

Weight per
 

Unit - Length
 
of Tow,(a)
 

kg/m 	 800-900
 

Ultimate Tensile
 
Strength(ab)
 
GPa 	 2.8 minimum
 

Modulus of
 
Elasticity(ab)
 

210-230
GPa 


Source: Reference 64.
 

(a) Lot average values.
 
(b) Lower values are guaranteed minimum
 

values.
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TABLE 3.3. MINIMUM SPECIFICATION REQUIREMENTS FOR A CO1MERCIAL ARAMID
 

R e q u ir e no n t . . ... . . 
12-End Roving 4-End Roving 

Tensile strength (package 

average), Gia 3,38 minimum 3,38 minimum 

Tensile strength (lot average), GPa 3,45 minimum 3,45 minimum 

Tensile modulus, GPa 120 minimum 120 minimum 

Weight, kg/m 5 x 10-4 5 x 10-4 

Density, kg/m3 1450 1450 

End count 12 + 0 4+ 0 

Ftberstend 26-3 768+-

Fiber diameter, am 11.7 nominal 12.0 nominal 
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However, after accounting for difficulty in winding, sensitivity to matrix
 

resin type, and a fiber volume fraction of 50 percent in the composite, a
 

strength of 1.4 GPa (200 ksi) is probably more realistic for use in Equation
 

(1).
 

Taking into consideration the above factors, a quantitative supplement to
 

Table 3.1 has been assembled for display in Table 3.4. Note that both opti

mistic and "realistic" estimates of specific energy (or energy density) are
 

shown.
 

Of the concepts studied, the multirim configuration executed in metal and
 

composite materials appears to be a promising candidate for IUS application,
 

because of the following features:
 

" 	The type, properties, and cost of fibers can be
 

varied radially to optimize the flywheel.
 

* 	The fiber volume in the composite can be varied
 

radially.
 

" The thickness of the rings can be varied radially.
 

* 	Because composite structures are built up to size in
 

contrast to machining downi to size, materials and

energy in fabrication are conserved.
 

" 	Interface rings of resilient materials can be incor

porated between structural composite rings.
 

" 	The composite rings or complete flywheel can be
 

encapsulated with high-performance materials, or
 

high-performance metal strip interleaves can be used
 

for fail-safety or to minimize influence of material
 

and fabrication deficiencies.
 

* 	Axially mounted metal discs can be incorporated
 

to compensate for low interlaminar properties of
 

composites.
 

* 	Composite winding,techniques developed for rocket
 

cases and pressure vessels is largely translatable
 

to the flywheel application, and modifications of
 

equipment developed for military uses and large
 

filament-wound pipes would shorten the lead time.
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TABLE 3.4. ENERGY DENSITIES OF CANDIDATE INERTIAL ENERGY STORAGE WHEEL 
SHAP E-YATERIAL COMBINATIONS 

*}ateria
Prodperties 

e
Con et ndMulti Rim -_ 

an Eegy aeia Graphite/Epoxy Brush Constant Stress 
Characterisi\ Type Disc'Steel with Interleaves 'Boron Fibers Steel 

Ultimate Tensile 1.03 1.38 2.76 1.03 
Strength, Ftu, GPa 

Material Density, 
kg/m 3 

83O 1990 2700 8300 

Energy Density, ii15 88-i10 88-110 26-29 
Wh/kg 

Energy/Unit Swept 
Volume, Wh/m3 

153-71 
5 

106 .02-.035 141-159 



Energy Transfer Devices. In References 14 and 51, energy transfer between
 

the electrical power bus and the rotating energy storage device was addressed
 

to, thetextent of identifying various candidates. Both investigations found
 

favor (from cost and reliability standpoints) with rotating electrical machinery
 

that was essentially a wound rotor induction machine, which featured control
 

of the excitation frequency of the field',* through the use of cycloconverters.
 

A schematic of the system is shown in Figure 3.3. It is believed that this
 

arrangement would also be feasible for the IUS application.
 

A speed reducer and coupling are required to match the low rotational speed
 

operation of the electrical machinery with the higher speed of the energy
 

storage wheel. Three of these drive train candidates are described in Table
 

3.5.
 

Loss 1inimization Subsystems. As previously mentioned, loss minimization
 

during idle or "holding" periods points to the criticality of bearing/lubri

cation subsystem design and to the desirability of a vacuum enclosure. 

Over the near term (to 1980) conventional rolling element bearings would 

probably be the most appropriate for the IUS application. As indicated in
 

Table 3.6, an oil mist lubrication arrangement is suggested as the complement
 

to the bearings. Although magnetic bearings (e.g., see References 52-56) 

have the appeal of non-contact suspension, the development problems for an
 

InS application preclude near term consideration.
 

Next to bearing losses, windage losses of the rotating energy storage mass 

can also be significant. Thus, vacuum containment with state-of-the-art vacuum
 

pumping equipment is clearly indicated. In Reference 51 a hermetic seal has
 

been recommended via arguments reproduced in Table 3.7. That recommendation
 

has been carried over into this present IUS study. It is recognized that 

advanced sealing concepts such as the use of ferrofluids are under develop

ment (see, for example, References 57-59). However, once again the argument 

of the development time frame appears to exclude near term use.
 

* 	 In Reference 14, the scheme is called a "frequency makeup system". In Reference 

51, the scheme is called a "variable frequency field machine". The advantages 

and limitations of such an arrangement are discussed in both documents.
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TABLE 3.5. CANDIDATE SPEED REDUCER CONCEPTS FOR INERTIAL STORAGE DRIVE TRAIN
 

Sbsysac Concept 

Speed reducer Transntsstcn, 
horirontol shaft, 
parallel offset 

Traction drive 

Harmonic drive 

Advantages 

* Available off the shelf for 

cra-t.r applications 


* 95-98 percent efficient 


* Variable ratio 

(flexibility, optimum 

z.n.rator Input speed) 


* Relatively ciple 

* Can also name feed-


through function 


Disadvantages 

.	 Separate lubricant system 

.rcquircd 


. Relatively heavyp:o-It, 


* 90 percent =ax. efficiency 

-100 hp SOA 


*Not 	uoll suited to high 

inertial loads and load 

variations 


* Limited to 500 hp 

* Reduction ratio too high 

* Life of flex apline at 


high loads--speeds Is 

uncertain 


Cenclusien, 

Best fer necr-era
 
arplicati . Desgn
 

rc;ulrcd
 

Hcr hiti per alitcattons
 
(>1500 h7)
 

laybe aplied in c c future-
rotor/Zercrztor efftclercies
 
-ustbe ttaded zgitnst tact/
 
co-Icxity of variable speed
 
capability
 

Research and develeprtet 
directed at power-sred
 
scale up ay rale t.nis
 
suitable fre scc.rd
 
generati en hihz ped
 

(ca 20,000 rpz drives)
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TABLE 3.6. -CANDIDATE LUBRICATION CONCEPTS FOR INERTIAL ENERGY STORAGE BEARINGS
 

Subsyste= Concept Advanta;cs Disadvantages 	 Conclusion
 

LubrLcan t for Creaso * Low caintenance * 2ligh viscous drag losses* Not suitable 
rollrK. tleent . N:o auxiliary lube system * Possible thereal problems
bearings * Cor lubrication in low -No wear debits removal 

vapor pressure forms 

Oil, liquid * lay bo circulated and * Drag losses can be highly No optimum with respect to 
filtered, debris removed variable, distribution and drg 
6nd bearings cooled * Moat resoval not optimum Tosses 

& Generally lower drag than , Auxiliary lube system 
crease required 

Ol, mist * Lowest possible drag * Minimum lubricant quantity, A well designed oil mist
 
losses for oil-lubricato4 no reserve in event of system using a low vapor
 
beorL$gs luo syistm failure pressure oil appears to b*
 

* 	Optirui heaot removal and a Debris removal not optimum best at this time 
dlstribution 

* 	Good debris removal possibly 
no. es goad as liquid oil 

C



TABLE 3.7. CANDIDATE SEAL/FEEDTHROUGH CONCEPTS FOR INERTIAL ENERGY STORAGE 

Subassembly Concept Advantoges Disadvantages Conclusion 

Seals and 
tcedthroughs 

Rubbing seals * Positive 
* Relatively simple, 

inexponflve 

- High friction losses 
a Life is speed/site limited 

and is relatively short 

Not suitable due to DR(&) 
limitations and losses 

* Allous a one piece 
shelf, i.e., reduces 
number of bearings 

Labyrinth seals I Low drag losses s Cemplex, 'closetolerances Detailed defsignanslyils 
* Long life, not speed * Possibly not adequate lk required to determine 

limited pressure regimes involved suitability 
t One piece shaft 

Ferrofluid seals f Positive 
* Relatively lo drag 

* Speed size limited 
* Life not demonstrated 

Promising further research 
required to develop and 

* One piece shaft demonstrate large, long
life version 

Zagnetic feed- * Positively-contained 0 Power losses (hysteresis Probably suitable at present 
through vacuum at any level 

* Provides shaft damping 
and electromagnetic) 

* Complexity - two piece shaft 
SOA. Complexity, costs, 
losses must be traded off 

additional support bearings
* Hay be torque limited 

against vindage losses 
vacuum pump capacity. 

-

* Requires bearings on vacuum 
side 

Mechanical feed- 9 Positive mechanically 0 Proliferation of bearings - Probably not suitable due to 
throughm, e.g. & Positive vacuum seal and cingle-poInt failure cost, complexity, unroll-

Harmonic driveWole driveWobble drive 
possibilities , 

& Never scaled to high torques 
ability, etc. 

Self contained * Only electric wires pass * Severely speed limited due light ultimately be suitable 
(motor-Cenerator through vacuum wall to motor/generator speed for transportatton flywheels 
in vacuum) characteristics 

* Cannot be ganged together 
* eat dissipation 

(a) Diaetetr x rotational speed. 



For the purpose of estimating windage losses fluid dynamic approximations can
 

be made based upon empirical data such as, for example, reported in References
 

60 and 61.
 

In Table 3.7, it should be noted that as a consequence of the hermetic seal
 

selection, a magnetic feedthrough has been recommended. This recommendation,
 

originally given in Reference 51, is also carried over to the IUS application.
 

Frame and Support Structure. The support structure of a flywheel system exerts
 

a critical influence on bearing life, erection costs, and system weight. In
 

addition to manufacturing cost considerations, the flywheel frame should be
 

light and stiff. The former property impacts the poWer-to-weight ratio of
 

the system as well as foundation costs. The latter, stiffness, has a direct
 

influence on alignment and, hence, .bearing life and maintenance costs. Space

craft precedents suggest the two major configurations considered in Table 3.8.
 

Summary Remarks. The results of the study of alternative inertial-energy 

storage candidates are summarized in Table 39 for three implementation time 

frames. The near term (1976-1980) candidate is the one of most interest, since 

it represents a system that could be constructed with a minimum of new techno

logy. The configuration of this near-term energy storage wheel is relatively 

clear except with regard to the feedthrough. A magnetic feedthrough for 

transmission of the power levels anticipated w ould be very costly both in terms 

of material and fabrication. Additional analysis and testing would be required 

to more fully evaluate rubbing seals and ferrofluid seals for the IUS applica

tion. For example, if multiple wheels are used, and if they are placed in a 

common vacuum system, only 1 or 2 seals are necessary. The losses associated 

with rubbing or hydrodynamic seals could be acceptable for such a high power 

system. Life-testing and detailed design analysis would be required before 

ferrofluid seals could be used with confidence in high "DN" (i.e., large bore, 

high rotational speed) applications. Advanced concepts such as circulating 

ferrofluid systems should be evaluated. 
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TABLE 3.8. CANDIDATE FRAME/SUPPORT STRUCTURE CONCEPTS FOR INERTIAL ENERGY STORAGE
 

S.$se, Concept Advantages 	 Disadvantages Conclusion 

Traze/support Ring 0 Easy ossbty * Complex ring and tto piece Probably ros cost effective 
structure * Ease of ratin cnace vcuuo hmus.G in term, of czLter:nanct tnd 

(i.e., atccosIbtLty to * Possible voc n, seal problems life-critical allg,-ent 

life critical components) due to complex housing shape 
* Ease of alignment. * Possibly heavier than opt1.ted 
a Vacuum housing nonsttucturat shell configurati n 

Shelt * Sizplc.ltwo-piece * Alignment difficult and must Possible use for light.
 
* 	configuration be disturbed to gain access-- advanced system having wi
 
* 	 Higher potential rigidity * high maintenance costs maLnzeeande rcsuirecnt. 

per pound than ring • Vacuum housing is structural Inside vacuum housing 
* Round. fLat vacuum seal 



Evaluation of a Candidate Concept
 

Candidate Selection. A major difficulty of this study has been the lack of a
 

precedent in detailed overall system design. The extensive experience in
 

aerospace flywheels appears to be of little use in scaling up to the larger,
 

multi-kilowatt hour and megawatt-hour units required for IUS generation.
 

Consequently, in order to analyze and project costs and feasibility, it has
 

been .necessary to define or crudely design a system. That is, the results are
 

based upon a relatively unrefined design and could be significantly modified in
 

an intensive design/analysis exercise (outside the scope of the present study).
 

The concepts that are believed to be the most viable for three time frames
 

have been previously summarized in Table 3.9. They represent a "best judgment" 

as to how the various systems should be configured on the basis of state of the
 

art in the various subsystem areas.
 

In order to analyze the near-term concept in greater detail, it is necessary
 

to make some design assumptions. These assumptions, and the rationale for 

each are summarized in Table 3.10.
 

A single-wheel, multirim configuration, should represent a concept that could
 

be designed and manufactured within the framework of the current state of the
 

art in material (metal and composites, such as fiberglass/epoxy), vacuum, and
 

bearing technologies (some critical areas, which require further research and
 

analysis, will be enumerated in detail later). Within these practical, real

world constraints it is likely that a flywheel of only modest capacity--a few
 

hundred kWh--can be built. Thus, for application to even the smallest IUS
 

requirements, more than one wheel is required. The concept that has been pur

sued is a multiple wheel array where more than one wheel is driven by a single
 
(15)
motor-generator set. Previous experience has shown that a collinear arrange

ment, as shown schematically in Figure 3.1, is mechanically optimal.
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Subsystem 


Flyuhesl 

Motor/generator 

Speed reducer 


Bearings 


Vacuum system 

Sealsfecdthrozhe 

Frome and support 

structure 


TABLE 3.9. SUMARY OF CANDIDATE INERTIAL ENERGY STORAGE' CONCEPTS
 
FOR DIFFERENT IMPLEMENTATION TIME FRAMES
 

Time Frnme 
Criticality Near Term, 1975-1980 Hidterm, 1981-1985 

Cost critical Multirim, composite
metallic and nonmetallic 

Multirim-higher
strength and mss 

materials 

Cost/performance critical Variable frequency field (Unknown)
machine 

" Cost critical Horizontal shaft, parallel Refined, dedicated 
off act transmission transmision design 
(ofl the shelf)
 

Life and cost critical Ball bearings with oil-miot tagnetic-ball bearing 
lubrication hybrid 

Cot-efficiency critical For Hermetic system, using Turbopump 
a magnetic feedthrough, 

turbopump
 

Life and cost critical Magnetic ftedthrough, Ferrofluid seals 
possibly labyrinth seals 


Cost critical steel ring configuration Steel-composite ring 

Steel vacuum enclosure Composite vacuum 


enclosure
 

Long term, 1986-1990
 

Built-up super flywheel
composite construction
integral shaft
 

(Unknown) 

Harmonic d4ive
 
(Possible)
 

Fgnetic-super conducting 

Cryopump plus mechaical 
pump 

Harmonic drive 
(Possible)
 

Optimized composite *hell
 
configuration
 



TABLE 3.10. ASSUMPTIONS UNDERLYINGCAN INERTIAL ENERGY STORAGE CONCEPT
 

FOR NEAR-TERM IUS APPLICATION
 

Assumed Parameter 


Maximum Wheel Diameter 

3.05m 
Maximum Wheel Length 

3.05m 

Wheel speed -

Maximum 10,000 rpm 


Energy storage 
speed range - 5,000 rpm 

Charge-discharge 
time = 6 hours 

Rationale 


a 	 Ease of manufacturing 

a Transport-clear 

bridges 


a 	This diameter/speed 

ratio appears com-


patible with near-

term materials
 

a Electrical equipment
 
limits the A(speed)
 
to 5,000 rpm. A
 
nominal 5,000 rpm lower
 
limit is desirable from
 
lubrication standpoint.
 

e 2:1 storage range 

is necessary with 

respect to power 

generating requirements 


* Compatible with system 

requirements 


Comments
 

* 	 Larger wheels would 
have to be assembled
 
and balanced at the
 
site
 

e Windage losses in
crease with V4 ,
 

optimum design
 
might be smaller
 

in diameter
 

a 	 Optimization would 
require detailed 

trade-off analysis 

* Optimization would
 
require trade-off of
 
rpm range versus
 
variable-speed
 
transmission economics-


Optimization would
 
require detailed trade
off with economics and
 
system requirements
 

Note: Detailed design or trade-off analyses die outside scope of present study.
 

3.20
 



Technical Characteristics. A preliminary design study was carried out in which
 

bearing fatigue life and energy storage capacity in terms of wheel mass and
 

speed were traded off. As a result of that study, a single-wheel module design
 

was evolved. This concept has the characteristics shown in Table 3.11.
 

For the IUS application, a 5-wheel array appears to be appropriate. This
 

system would have the characteristics summarized in Table 3.12. Each of the
 

factors in that table is discussed in the following paragraphs.
 

Round-Trip Efficiency. The round-trip efficiency of inertial energy storage
 

devices will be bounded by the efficiency of the power conversion equipment
 

which converts the mechanical energy stored in the rotating wheel into usable
 

electrical power. Typical efficiency values for this equipment range from
 

88 to 90 percent. This would result in round-trip efficiencies on the order
 

of. 77 to 80 percent. In addition, the following factors will influence the
 

determination of system efficiency during various periods of the storage cycle:
 

* Bearing losses 

" Windage losses 

" Transmission Efficiency 

" Feedthrough/Seal losses. 

Preliminary estimates of these factors indicate that overall round-trip effi

ciencies on the order of 60 to 70 percent should be achievable with inertial
 

storage systems.
 

Energy Storage Density. The 5-wheel array may be modeled as a 2.4-m (8-ft) square
 

rectangle, 13.7-m (45-ft) long;'thus, the approximate volume excluding the
 

3
generator, is approximately 79 m (2790 ft3). Allowing approximately 20 percent
 

of this volume for the generator and power conditioning equipment brings the
 

3
total volume to about 100 m (3098 ft 3). Thus, the energy storage density for
 

15 k h/m3 (0.4 kWh/ft 3).
the system can be estimated as 


Charge/Discharge Characteristics. The charge/discharge rates are independent
 

and largely a function of'the capacity of the drive train .(i.e., motor/generator
 

and mechanical transmission). The design under consideration may be charged
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TABLE 3.11. CHARACTERISTICS OF A NEAR-TERM SINGLE WIEEL 

Wheel mass, kg 2,909 
Wheel diameter, m 2 

Maximum speed,-rpm 10,000 
Minimum speed, rpm 5,000 
Speed range, rpm 5,000 
Available energy, Mi 1.1 x 103 

kWh 294
 
Charge/discharge time, hr 6
 

Power level, kW 	 50
 

Nominal 	 (a)
 
Bearing fatigue life AFBMA a , hr 7,150
 

Advanced bearing life, hr 50,000
 

(a) 	AFBMA - American Friction Bearing
 
Manufacturers Association
 



TABLE 3.12. TECHNICAL CHARACTERIZATION OF A NEAR-TERM 
STORAGE CONCEPT FOR IUS APPLICATION 

INERTIAL ENERGY 

Energy 
Storage 
Concept 

Power 
kW 

Storage (a ) 

Capacity 
kW 

Round-trip 
Efficiency, 

Percent 
N-

High Low 

Energy Storage 
Density, 
kW/m3 

Dr 

Useful Life, 
year 
L 

High Low 

Maximum 
Charging 
Rate, kW 

Re 
High Low 

Maximum 
Discharge 
Rate, kW 

Rd 
High Low 

5-Wheel 250 1500 70 60 15 50 10 1500 1500 



and discharged in 6-hour cycles. A larger (and more costly) drive train would
 

allow shorter cycles, with one hour as a practical limit.
 

Hardware Availability. Although the candidate concept is essentially state
 

of the art in materials and components, the hardware are not off-the-shelf items as
 

such. Thus, delivery lead times of at least 1 to 2 years can be anticipated.
 

Transportability. The modularity of the equipment should permit common-carrier
 

transport from factory to the IUS site. The wheels can be shaft-mounted at
 

the factory. As a precaution to prevent -brinelling of bearings, those compo

nents should be shipped unmounted and installed on site. The protective
 

containment (see subsequent discussions of Safety Considerations) would, of
 

course, be constructed on-site.
 

Operational Availability/Reliability/Maintainability. The inertial energy
 

storage concept as proposed for the IUS is mechanically simple and thus should
 

not pose unusual maintenance accessibility. However, as with any rotating
 

machinery possessing large amounts of inertial energy/angular momentum, careful
 

monitoring of balance and bearings will be required. Lack of experience with
 

the multirim wheel will clearly dominate the initial philosophy of periodic
 

inspection.
 

Useful Life. The inertial energy storage system does not have a definite life 

in terms of the point at which the entire unit is scrap. Each component has 

a finite and different service life ranging from 1 year for the bearings to 

over 20 years for the flywheel itself. Since the wheel is the most costly 

single component, the service life of the system is expressed in terms of that 

of the wheel. 

Safety. Several potential safety problems have been identified that are be

lieved to require consideration. Three major catastrophic failure modes, which
 

probably dominate, are outlined in Table 3.13 along with effects and possible
 

safeguards
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TABLE 3.13. INERTIAL ENERGY STORAGE SAFETY CONSIDERATIONS IN TERMS 
OF MAJOR CATASTROPHIC FAILURE MODES
 

Potential Catestrophic
 
Failuie Noec Primary Effects " Secondary Effects Potential Safeguards
 

Vheel disintegration Sudden release of * Destruction of vacuum &Tarped earth b-.ikers vith lid, of 
stored energy. contaLner-irplosion concrete and clay or viter tanks 
Transfer to con
tainer, building, etc. * Ueavy building danage, * A brush-tye heel ntn.,zes this 

hazard potential over a hazard 
considerable radius 

* effect ninirized by treak&o-lo 


*nDomino effect on other ".'y ecpi'; dtc-nvcv.4. 
wheels in array system: windote a..tc-.tmcally 

stt-i array In e'.ert of1.3-u= 
failure. 

Beari g failure Conversion of kinetic Extreme heat-fire hazard * Fire ha-ard otninized by CO2 flood 
energy into heat at provisions or 120 deluge frem 
bearings over a period * Damage to trunnions water tank lid 
of tinutes to hours.
 
Total destruction of a Shaft breakage * Tenperature rise eonitcrs ard shut
bearings, off provisions, back fill of
 

vacuum enclosue with CO2 would
 
be a good 'rake 

Implosion or fast vacuum Collapse of vacuum an- a Damage to wheel from * Wheels will atop quickly due to 
leak Closure. Relatively enclosure pressure loss 

rapid pressure r~se. *pDomage to system by shock 
 * This contingency is best preventedwave by ispection
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It is believed that the inertial energy storage system can be made relatively
 

safe by placing the entire system in an underground trench having relatively
 

thin concrete walls backed with tamped earth. Lids could be made from rein

forced concrete boxes filled with either clay or water. The bunker should
 

be floodable with water or CO2 in the event of a fire. The vacuum container
 

should also be capable of relatively rapid back fill with CO2 as an emergency
 

brake.
 

Expansion Capability. An IUS installation's inertial .energy storage capacity
 

could be expanded readily in the same sense that a utility generating station's
 

peaking capacity can be expanded by the addition of self-contained gas turbine/
 

generator "modules". Since the addition would probably not be housed in the
 

same building as the baseload generating units, it is presumed that land surface
 

would be available at the IUS station site.
 

Environmental Concerns. Among the various environmental concerns (i.e., air
 

and water quality control, noise abatement, and land use policy), only noise
 

is of inherent significance.- With the containment'shielding in operation posi

tion, it is expected that sufficient attenuation could be obtained.
 

Cost Characteristics. Since a large inertial energy storage system has never
 

been designed, and since the present analyses are based upon a single prelimi

nary design concept, cost estimates are relatively crude. The cost charact

eristics are summarized in Table 3.14. The cost rationale for (1) the flywheel,
 

and (2) support hardware electric equipment, installation and maintenance, are
 

discussed in the following paragraphs.
 

Energy Storage Wheel Costs. The projection of realistic values for cost of
 

composite materials applied to energy storage wheel design is difficult to
 

solve without an extensive techno-economic impact study. Most cost projections
 

are unrealistic in their assumption of simultaneous breakthroughs in several
 

civil markets. It is also assumed that progress in conventional materials
 

will be limited. However, while there have been a large number of experimental
 

exploratory commercial applications of composites, two of the principal pro

duction items that have been commercialized are golf clubs shafts and the
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TABLE 3.14. 	 FIRST COST COSTS FOR 1500 kWh, 5-WHEEL 
ENERGY STORAGE SYSTEM 

Cost 
Subsystem (thousands of $) 

Wheels 150-450
 
Transmission 9.6
 
Mechanical hardware 86.0
 
Bearings 	 20.0
 
Electrical equipment 	 14.6
 

Balance of plant 15.1
 
Installation 3.2
 
Vault, pad, building 55.6
 

Maintenance (annual) 	 23,0 
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(62) 
selective reinforcement of fiberglass or Kevlar reinforced plastic kayaks
 

There is no clear indication at present that advanced composites will expand
 

beyond the category of being classified as specialty materials.
 

It does not seem possible to forecast accurately the cost reductions that can
 

be achieved with composite materials. This is not only because of the pre

ceding considerations, but because of improvements being made with conventional
 

materials, fabrication and joining processes, and design concepts that are
 

continuously under development to upgrade the efficiency of application of
 

metals (e.g., steel and titanium). While there was initially a drastic reduc

tion in the cost of advanced fibers from several hundred dollars per unit
 

weight to the present prices, there do not appear to be any reliable indicators
 

with fibrous composites. The total costs involved in fabricating composite
 

hardware meeting aerospace level specifications must also be taken into account.
 

That is, the cost of fabrication must include tooling, quality assurance (QA)
 

and nondestructive testing (NDT) costs.
 

Keeping these limitations in mind, a range of $100 to $300 per kwh has been
 

selected to represent the cost of the fabricated wheel. These costs are based
 

on a review of the possible materials and fabrication methods employed, and
 

should be considered as optimistic and conservative figures, respectively.
 

Mechanical Hardware Costs. The mechanical transmission is easiest to cost,
 

since a nominally off-the-shelf design is adequate. An estimate from a leading
 

gear company indicates a transmission for the five wheel system will cost
 

approximately $9,600.
 

The support ring, shaft (but not wheel), bearing, lubricant system, vacuum
 

enclosure and coupling cannot be costed since detailed designs have not been
 

made. Consequently, a unit cost has been used based upon cost per unit weight
 

for precision machine tools. It is concluded that this hardware should cost
 

approximately $6.00/kg as of 12/75*. It is believed that this figure is fairly
 

* 	 This value is based upon the analyses described in Reference 51, inflated 
by the wholesale price index increment from 1/75 to 12/75. 
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accurate, and also that further cost oriented design could reduce this to
 

$4.40/kg in quantities of 500-1000 units. The design under study has been
 

configured with low cost, relatively high volume, manufacture in mind. No
 

special tooling or significant capital expense is involved in fabricating the
 

shafts, rings, and housings. Shops 'capable of building these are widespread
 

in the United States. Likewise, the bearings, although made of a special
 

steel*, can be manufactured by at least three major U.S bearing companies.
 

Fabrication/Erection Costs. It is anticipated that the first generation IUS
 

installations would be erected on site. In order to eliminate shipping damage
 

to the life-critical spin-axis bearings, the wheel/shaft assembly would be
 

shipped separately from the ring support assembly. Erection would consist
 

of emplacement .of the support ring and lower vacuum shroud, installation of
 

the bearing cartridges on the spin shafts, installation of the spin axis in
 

the support ring, installation of the upper vacuum shroud and alignment of
 

the array by laser bore sighting. The costs for this operation are believed
 

to be similar to those associated with a large steam turbine--i.e., $2.12/kWh.
 

Maintenance Costs. Major maintenance will probably be -confined to the following 

components:
 

o Mechanical transmission 

o Spin axis bearings 

o Feedthrough.
 

Preliminary analyses indicate that the bearings should last reliably for about 

year (advanced bearings will run approximately 20x longer). Replacement
 

involves removal of the shroud, uncoupling the individual wheel from its neigh

bors, lifting the wheel from its trunnions, replacing the bearings, reassembling
 

and realignment. The- time required to replace the spin axis bearings is
 

approximately half that required to erect the flywheel, or approximately $23,000
 

for labor and materials. As the price of bearings comes down and the fatigue
 

life is increased, this cost should be substantially reduced to approximately
 

$2000/year.
 

* Ultraclean 1+-50. 
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The feedthrough maintenance costs are undetermined, since this critical com

ponent is not defined. With 1-2 feedthrougb per unit, replacement time (in

cluding alignment) should not exceed 2 days. 

The transmission should function for 10 years between overhauls. An annual 

oil change would probably be desirable.
 

Installed Costs for IUS Application. The cost estimates developed above are
 

based on an assumed 5 wheel energy storage module with an energy storage capa

city of 1500 kWh. Application of inertial energy storage systems to IUS will
 

require a number of these or similar modules depending on the particular installa

tion. In order to simplify the estimation of installed costs for IUS applica

tion, it is desirable to express the costs of these storage systems on a unit
 

basis via the following equation
 

CT = C (Capacity Required) + Cp (Power Required)
 

where
 

CT = installed cost of energy storage system, $
 

CS = storage related capital costs, $/kWh
 

= 
Cp power related capital costs, $/kW
 

Using the costs generated for the 5 wheel baseline, the cost coefficients can
 

be calculated as
 

= $210 - 410/kWh
CS 

=
Cp $157/kW
 

These factors were utilized in calculating cost estimates for flywheel systems
 

which would be requirdd for the various IUS baselines. The results are presented
 

in Table 3.15. It should be pointed out that the values reported in this table
 

are based on the peak output power required during the discharge cycle.
 



TABLE 3.15. 	SUMMARY OF INSTALLED COSTS OF INERTIAL ENERGY
 
STORAGE FOR IUS APPLICATIONS
 

No. of Base Load Cost Per Unit
 
IUS Diesel Electric Energy Peak Power Power at Peak
 

Application Generators Stored, kWh Required, kW Requirement'
 
$1kW 

1000-Unit Apartment 5 1056 374 749-1313
 

4 4065 905 1100-1998
 

Village Complex 7 3175 2921 385-603
 

6 33,638 7696 1025-1949
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Research and Development Opportunities
 

With regard to the process of applying new materials to hardware, it is con

sidered important to realistically assess the time-span required. The diffi

culties involved in transferring emerging materials technologies to hardware
 

that achieves production status, should not be underestimated. One example
 

is the time taken to develop glass-reinforced plastic (GRP) primary structures
 

for aircraft. The first significant application of GRP to aircraft primary
 

structures in the United States was the fuselage of the Vultee BT-15, a single

engined, low-wing monoplane which was designed, fabricated, and tested in the 

laboratory in 1943 by the United States Air Force (USAF). The first flight
 

of this BT-15 was in March, 1944. On a strength-to-weight basis, this sandwich
 

fuselage, with GRP skins and an end-grain balsa core, showed an improvement of 

50 percent over the aluminumstructure. Around the same time, the USAF designed 

and fabricated a wing for the orth American AT-6, also a single-engined, 

low-wing monoplane. This structure was also of sandwich design, but utilized 

GRP skins and a cellular cellulose acetate core. However, 25 years elapsed
 

before the first flight of the four-seater Windecker "Eagle", which had 80
 

percent of the structure in GRP. It is therefore essential, when evaluating 

candidate materials, processes, and concepts, to consider realistic time lags 

that may occur before a new technology is committed to production. 

The development of large flywheel energy-storage systems requires that research
 

and development in critical areas be carried out on a broad front with a
 

systems perspective. Accordingly, general recommendations can be outlined as
 

follows.
 

* 	Perform R&D on flywheel material systems:
 

o 	Conduct a techno-economic forecast on advanced composite
 

materials to determine realistic values for future
 

fiber costs.
 

o 	 Develop multi-rim and constant stress conceptual 

designs which cost-effectively employ material systems 

in metals and composites with regard to fabrication 

cost, materials, utilization, fracture tolerance, and 

the life-cycle. 
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o 	Develop a computer program for analysis and optimization
 

of composite and metallic material systems for flywheels
 

to achieve efficient material utilization. Conduct
 

trade-offs with fabrication cost.
 

o 	Develop automated monitoring methods of quality assurance
 

and nondestructive testing for fabrication and operation
 

of flywheels.
 

o 	Conduct cost-effective analysis based on systems life

cycle of hydridized multi-rim and constant stress
 

flywheels.
 

o 	Develop conceptual designs of advanced composite
 

shafts efficiently integrated with composite flywheel
 

designs.
 

o 	Develop cost-competitive fabrication methods for
 

flywheel shafts.
 

* 	Perform R&D on two major life/cost critical subsystems, viz.,
 

o 	Spin axis bearings
 

o 	Freedthrough and/or seals
 

a Develop high-capacity, low drag bearings through research in the
 

following areas:
 

o 	 Improved ball bearings 

o 	 Hybrid-ball/magnetic bearings 

o 	 Magnetic bearings - especially superconducting 

" 	Develop long life,>,efficient feedthroughs:
 

o 	 Heavy-duty magnetic couplings 

o 	Long-life ferrofluid seals
 

o 	Advanced low drag rubbing seals
 

a 	 Develop means for efficiently generating electric power with speed 

ranges in excess of 5000 rpm that would allow higher storage density 

wheels, 

3.33
 



References for Section 3
 

(1) 	Adams, L. R., "Application of Isotensoid Flywheels to Spacecraft Energy
 
and Angular Momentum Storage", NASA CR-1971 (February, 1972).
 

(2) 	Anderson, W. W., and Groom, N. J., "The Annular Momentum Control Device
 
(AMCD) and Potential Applications", NASA TND-7866 (March, 1975).
 

(3) 	Riggs, F., "Flywheel Energy Systems", Sandia Laboratories, SAND 74-0113
 
(November, 1974).
 

(4) 	Brunnelle, E. J., "The Super Flywheel: A Second Look", Transaction of
 
the ASME, Journal of Engineering Materials and Technology, 95H (1) (January,
 
1973) p 63.
 

Bishopp, K. E., "The Super Flywheel: A Second Look", Discussion, Trans
actions of the ASME, Journal of Engineering Materials and Technology, 
95H (3) (July, 1973) p 195. 

(5) 	Chamis, C. C., "Rim Spoke-Hub Fiber Composite Flywheels", 1975 Flywheel
 
Technology Symposium, Berkeley, California (November, 1975).
 

(6) 	 Chiao, T. T., and Stone, R. G.,"LLL Composite Flywheel Program", 1975 
Flywheel Technology Symposium, Berkeley, California (November, 1975). 

(7) Clerk, R. C., "The Utilization of Flywheel Energy", SAE Transactions, 
72 (1964) p 508. SAE Paper 711A, June, 1963. 

(8) 	Cormack, A., III, Notti, J. E., Jr., and Ruiz, M. L., "Design and Test
 
of a Flywheel Energy Storage Unit for Spacecraft Application', Record
 
of 1975 Intersociety Energy Conversion Engineering Conference, IEEE (1975)
 
p 1275.
 

(9) 	Davis, D. E., "The USAMERDC HighEnergy Storage Flywheel Module", 1975
 
Flywheel Technology Symposium, Berkeley, California (November, 1975).
 

(10) 	Dugger, G. L., Brandt, A., George, J. F., and Perini, L. L., "Flywheel 
and Flywheel/Heat Engine Hybrid Propulsion Systems for Low-Emission 
Vehicles", Proceedings of the 1971 Intersociety Energy Conversion Engi
neering Conference, SAE (August, 1971) p 1126. SAE Paper 719149.
 

(11) 	 Dugger, G. L., Brandt, A., George, J. F., Perini, L. L., Rabenhorst, D. W., 
Small, T. R., and Weiss, R. 0., "Heat-Engine/Mechanical-Energy-Storage 
Hybrid Propulsion Systems for Vehicles", JHU/APL CP-011 (March, 1972). 

(12) 	Fulman, R. L., "Energy Storage by Flywheels", Record of 1975 Intersociety
 
Energy Cbnvers$on Engineering Conference, IEEE (1975) p 91.
 

3.34
 



(13) 	Garber, A. M., "Polarweave Composite Flywheels", 1975 Flywheel Techno
logy Symposium, Berkeley, California (November, 1975). 

(14) 	Gelb, G. H., Kaplan, A., Berman, B., and von Delden, E., "Flywheel Energy
 
Storage for Electric Power System Load Leveling", TRW Systems (December,
 
1974).
 

(15) 	Gilbert, R. R., Helier, G. E., Jacobsen, E. H., Kuhns, E. B., Lawson, L. J.,
 
and Wada, W. T., "Flywheel Drive Systems Study", Lockheed Missiles and
 

Space Co. LMSC-D246393 (July, 1972).
 

(16) 	Gulia, N. V., "The Design of Flywheels", Russian Engineering Journal,
 
XLV (1) (1965) p 33.
 

(17) 	 Gulia, N. V., and Gvelesiani, L. L., "Improving the Efficiency of Inertia
 
Accumulators", Russian Engineering Journal, XLVI (12) (1966) p 28.
 

(18)-	 Gulia, N. V., and Rabinovich, V. P., "A Mechanical-Energy Storage Accumu
lator", Russian Engineering Journal, L (3) (1970) p 50.
 

(19) 	Gulia, N. V., and Linkin, L. D., "Energy Storage of Super Flywheels",
 
Russian Engineering Journal, LII (12) (1972) p 3.
 

(20) 	Gulia, N. V., et al, "Gyroscopic Effect of Flywheels in Machines", Russian 
Engineering Journal, LIV (7) (1974) p 41. 

(21) 	Jakubowski, M., "Flywheel Energy Buffer", Proceedings of the 7th Inter
society Energy Conversion Engineering Conference, ACS (1972) p 1141.
 

(22) 	Kilgore, L. A., and Washburn, D. C., Jr., "Energy Storage at Site Permits 
Use of Large Excavators on Small Power Systems", Westinghouse Engineer,
 

(November, 1970) p 162.
 

Kilgore, L. A., and Washburn, D. C., Jr., "Operating Large Excavators
 

on Small Power Systems", E/MJ, 172 (6) (June, 1971) p 131.
 

(23) 	Laakso, J. H., "Potential Merits of Thermoplastic Composite Materials
 

for Modular Rim Flywheels", 1975 Flywheel Technology Symposium, Berkeley,
 

California (November, 1975).
 

(24) 	 Lawson, L. J., "Design and Testing of High Energy Density Flywheels for
 

Application to Flywheel/Heat Engine Hybrid Vehicle Drives", Proceedings
 

of the 1971 Intersociety Energy Conversion Engineering Conference, SAE
 

(August, 1971) p 1142. SAE Paper 719150.
 

(25) 	 Lawson, L. J., "Application of Kinetic Energy Propulsion to Mass Trans

portation", SAE Paper 720681 (August, 1972).
 

3.35 



(26) 	 Lawson, L. J., "Kinetic Energy Wheel (KEW) Propulsion Systems", American 
Transit Association Mid-Year Meeting (May, 1974).
 

(27) 	Loud, S. N., "Fiber Glass for-Composite Flywheels", 1975 Flywheel Techno
logy Symposium, Berkeley, California (November, 1975).
 

(28) 	Morganthalor, G. F., and Bonk, S. P., "Composite Flywheel Stress Analysis
 
and Materials Study", Advances in Structural Composites, Volume 12,
 
SAMPE (October, 1967) p D-5.
 

(29) 	Anon., "Frontiers of Technology Study; Additional Data for Preliminary
 
Implementation Report; Section.lX Mechanical Energy Storage Applications
 
to Urban Transportation", North American Aviation/Los Angeles Division,
 
Report NA 67-884 (January, 1968).
 

(30) 	 Notti, J. E., Cormack, A., III, atd Sehmill, W. C., "Integrated Power/
 
Attitude Control System (IPACS) Study--Volume I Feasibility Studies",
 
NASA CR-2383 (April, 1974).
 

(31) 	 Notti, J. E., Jr., "Flywheel Systems Applications", 1975 Flywheel Tech
nology Symposium, Berkeley, ,California (November, -1975).
 

(32) 	 Notti, J. E., Jr., "Design and Test of a Spacecraft Energy Momentum
 
Flywheel", 	1975 Flywheel Technology Symposium, Berkeley, California
 
(November, 1975).
 

(33) 	Petukhov, N. N., "The Optimum Parameters of Flywheels for Inertia Drives", 
Russian Engineering Journal, _LV (10) (1965) p 21. 

(34) 	 Post, R. F., and Post, S. F., "Flywheels", Scientific American, 229 (6) 
(December, 1973) p 17. 

(35) 	Rabenhorst, D. W., "Primary Energy Storage and the Super Flywheel", J33/ 
APL, TG-1081 (September, 1969). 

(36) 	 Rabenhorst, D. W., "Potential Applications for the Superflywheel", Pro
ceedings of the 1971 Intersociety Energy Conversion Engineering Conference, SAE
 
(August, 1971) p 1118. SAE Paper,719148.
 

(37) 	 Rabenhorst, D. W., Material Requirements for the Super Flywheel, oppor

tunities in Materials, Ed. by M.C. Shaw, Carnegie Press (1971) p 195. 
Proceedings of the Fourth Buhl International Conference on Materials, 
November, 1971. 

(38) 	 Rabenhorst, D. W., "The Applicability of Wood Technology to Kinetic Energy 
Storage", AFL Technical Digest, 11 (5) (MayTJune, 1972) p 2. 

3.36
 

http:Section.lX


(39) 	 Rabenhorst, D. W., and Taylor, R. J., "Design Considerations for a 100
Megajoule/500-Megawatt Superflywheel", JHU/APL TG-1229 '(December, 1973). 

(40) 	Rabenhorst, D. W., "Superflywheel Energy Storage System", Wind Energy -

Conversion .Systems, NSF/NASA Workshop Proceedings, NSC/RA/W-73-006 (Dec
ember, 1973) p 137.
 

(41) 	Rabenhorst, D. W., "The Mtfltirim Superflywheel", JHU/APL TG-1240 (August, 
1974). 

(42) 	Rabenhorst, D. W., "Metals and Composites in Superflywheel Energy Storage 
Systems", SAMPE Quarterly, 6 (2) (January, 1975) p 23. 

(43) 	Rabenhorst, D. W., "The Broad Range of Flywheel Applications", 1975
 
Flywheel Technology Symposium, Berkeley, California (November, 1975).
 

(44) 	 Reimers, E., "Hybrid Electric Propulsion Utilizing Reconnectible Motor
 
Windings in Wheels", Proceedings of the 8th Intersociety Energy Conver
sion Engineering Conference, AIAA (1973) p 243.
 

(45) 	 Schlieben, E. W., "Systems Aspects of Energy Wheels", 1975 Flywheel
Technology Symposium, Berkeley, California (November, 1975). 

(46) 	Shaughnessy, J. D., "A System for Spacecraft Attitude Control and Energy
 
Storage', NASA TND-7582 (August, 1974).
 

(47) 	 Sturgeon, D., "Potential Advantages of Kevlar in Flywheels", 1975 Flywheel
 
Technology Symposium, Berkeley, California (November, 1975).
 

(48) 	Svensson, A., Jr., and Wetherbee, A. E., Jr., "Feasibility of Flywheel
 
High-Energy Storage", Pratt & Whitney Aircraft PWA-3676 (April, 1969).
 

(49) 	 Toomey, G. R., "The Balanced-Power Actuation Concept", Aerospace Vehicle
 
Flight Control Conference, SAE (July, 1965) p 109.
 

(50) 	Vau, G., "Using Flywheels for Energy Storage", Proceedings of Technical
 
Conference on Storage Systems for Secondary Energy, Stuttgart Technical
 
University (October, 1974).
 

(51) 	 Schneider, T. R., "An Assessment of Energy Storage Systems Suitable for
 
Use by Electric Utilities", Public Service Electric and Gas Company Final
 
Report on ERDA Contract E (11-1)-2501 and EPRI Research Proj-ct 225 (Decem
ber, 	1975), three volumes.
 

(52) 	 Gilpin, B. J., "Research Investigation of Magnetic and Electric Forces
 
for Rotating Shaft Suspension", University of Virginia Research Labora
tories for the Engineering Sciences Report EMI-4454-103-62U (June, 1962).
 

3.37 



REPRODUCIBILITY O'tIu
 
ORIGINAL PAGE 18 POORb
 

(53) 	 Hamilton, S. B., "Development of a Magnetically Suspended Momentum Wheel",
 
General Electric Company Report ACS 10,417 (April, 1973).
 

(54) 	MacCosham, V. J., "Magnetic Bearing for an Ultracentrifuge", Ultracen
trifupal Analysis in Theory and Experiment, Ed. by J. W. Williams,
 
Academic Press (1963) p 249.
 

(55) 	 Sixsmith, H., "Electromagnetic Bearing", Review of Scientific Instruments,
 
32 (11) (November, 1961) p 1196.
 

(56) 	 Veneruso, A. F., "Bearing and Electrical Input-Output for Flywheel Energy
 
Storage Systems", 1975 Flywheel Technology Symposium, Berkeley, California
 
(November, 1975).
 

(57) 	Ezekiel, F. D., "Ferrolubricants: New Applications", Mechanical Engineer
ing, 97 (4) (April, 1975) p 30. 

(58) 	Moskowitz, R., "Ferrofluids: Liquid Magnetics", IEEE Spectrum, 12 (3)
 
(March, 1975). 

(59) 	 Moskowitz, R., "Dynamic Sealing with Magnetic Fluids", ASLE Transactions, 
18 (2) (April, 1975) p 135. 

(60) 	Gorland, S. H., and Kempke, E. E., Jr., "Experimental Windage Studies
 
for High-Speed Alternators", Proceedings of the 1971 Intersociety Energy
 
Conversion Engineering Conference, SAE (August, 1971) p 307, SAE.Paper
 
719056.
 

(61) 	Kempke, E. E., Jr., and Gorland, S. H., "Correlation of Windage--Loss
 
Data for a Lundell Alternator", NASA TND-6650 (February, 1972).
 

(62) 	 Miner, L. H., Lacy, R. I., and Woodrick, J. V., "Kevlar Aramid Composites
 
for Marine Applications", SAMPE Quarterly, 6 (4) (July, 1975) p 22.
 

(63) 	 Benn, W. R., "Properties and Price Trends - Graphite Fiber Composites",
 
Composite Materials in Engineering Design, Edited by B. R. Noton, American
 
Society for Metals (1973) p 99.
 

(64) 	 Johnson, R. A., "Giant Fiberglass Pipe Lines", Composite Materials in
 
Engineering Design, Edited by B. R. Noton, American Society for Metals
 
(1973) p 138.
 

(65) 	 Logan, T. R., Platte, M. M., and Zwart, R. L., "A Study of the Costs and 
Benefits of the Application of Composite Materials to Civil STOL Aircraft", 
NASA CR 114701 (December, 1973). 

(66) 	Anon., "Magnamite Graphite Fiber (Continuous Filament)", Hercules Pro
duct Data Sheet Number 831-1 (Undated). 

1.38 



4. SUPERCONDUCTING MAGNETIC ENERGY STORAGE
 

Basic Aspects of Superconducting Magnetic Energy Storage
 

Under "normal" (i.e., not superconducting) circumstances, there are two basic
 

methods of storing electromagnetic energy, viz,
 

* 	In the dielectric medium of a capacitor through the
 

creation of an electric field
 

* 	In the permeable medium of an inductor through the
 

creation of a magnetic field.
 

In 	recent years the development of normal capacitive and inductive devices
 

capable of storing multimegajoules of energy has been motivated by require

ments for pulsed power delivery, i.e., energy transfers effected in the sub
(1,2,3)


microsecond regime 1 . No corresponding development has occurred for the 

expressed purpose of large-scale energy storage, because the economics relative 

to other forms of energy storage appeared unattractive. No technical break

throughs have become evident that would ease the situation for capacitive 

energy storage; but, the development of the superconducting magnet has
 

heralded a promising possibility for large-scale inductive energy storage.'
 

Before proceeding to a discussion of the physical aspects of superconducting
 

magnetic -energy storage, some commentary is warranted on the literature and
 

ongoing investigations. It can be readily observed that the literature on
 

superconductors and devices is rapidly growing. References 4-28 represent
 

a wide assortment of the open literature, while References 29-44 are more
 

directly concerned with energy storage aspects. In these citations the
 

various technical and economic aspects of superconducting magnet design,
 

fabrication, and operation are addressed.
 

Two groups have reported much of the recent R&D on superconducting magnetic
 

energy storage in the USA; they are located at the Los Alamos Scientific
 

Laboratory (LASL) and at the University of Wisconsin. The principal con

tributions of the LASL group have been in the study of the economics of
 

superconducting magnetic energy storage and the advancement of laboratory
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3
scale devices from 10 kJ (2.3 x 10- kWh) by several orders of magnitude to
 

100 MJ (2.3 x 10-2 MWh). Thus, they have come to grips with the practical
 

problems of scaling to larger capacities. The University of Wisconsin group
 

has concentrated its efforts on very large capacity (36 x 106 MJ (10,000 MWh))
 

concepts.
 

The physical basis for the superconducting magnet lies in: (1) the immeasurably
 

low electrical resistance of a superconductor; and (2) the practically com

plete exclusion of magnetic flux from the interior of-a superconductor
 

(Meissner effect). These phenomena are, of course, the consequences of the
 

superconducting state, a thermodynamic domain allowable for certain materials.
 

This domain-.is characterized and bounded by three parameters.
 

o Critical temperature, T c
 

* Critical magnetic field strength, Ac
 

00 Critical electric current density, Jc. 

That isi for a material capable of undergoing transition from a "normal" to 

a superconducting state, the achievement and maintenance of the latter depends 

upon (T, H, J) remaining below their critical values.' Nominal criticai 

values for two niobium alloys (niobium-titanium and niobium-tin) that are 

presently in use for superconducting magnets are shown in Table 4.1. The low 

critical temperatures clearly require cryogenic refrigeration. 

It is evident that. the reduction of resistance to nearly zero practical-ly
 

eliminates the ohmic (12R) power dissipation. In other words, once the
 

current circulation in the superconducting magnet -is established in the
 

"persistent" mode, no additional power transmission to the magnet is
 

required. This gives rise to'abasic'economic trade-offyviz, the savings
 

,gained bya -superconductinmagnet from elimination of wasted power versus
 

the 'cost of special materials'and special refrigeration.
 

Much of the interest in superconducting magnets has been in the attainment of
 

high magnetic field strengths. Fromelementary electromagnetics, it is known
 

that for a given magnetconfiguration;
 

(Field- strength-) a (Current density). 

But, it is also true that 
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TABLE 4.1. CRITICAL VALUES FOR SUPERCONDUCTOR MATERIALS
 

Critical(a) Critical magnetic Critical Elect
 5 
Temperature a , Field Strength('), Current Density 

Material T, - deg K He2 - kG(C) c . A/i2 

120 5 x 109(d)
10.2 

Titanium (NbTI)
 
Niobium, 48 percent 


3 x 109(e)
Niobium Tin (Nb3Sn) 18.3 	 220 


Source: Tabulation in Reference 4.
 

(a) 	For reference purposes, liquid helium temperature is 4.2 deg K and liquid 

hydrogen temperature is 20 deg K. 

(b) 	At liquid helium temperature.
 

(c) Hc2 is the upper critical field strength as indicated in the magnetization
 
curve sketched below.
 

(d) 	At 50 kG.
 

(e) 	At 100 kG
 

STATE SUPERCONDUCTINC MIXED NORMAL 

INCREASING FLUX PENETRATION INTO 
INTERIOR OF THE SUPERCONDUCTOR 

I-I 

11c2Cl 

FIELD STRENGTH 

RtEPRODUmIBILITh OF TII4 
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* (Energy stored per unit volume of the magnetic
 

field) is.proportional to (Field strength)2 and,
 

.
therefore,'is proportional to (Current density)2
 

The implication here is that advances in high field superconducting magnet
 

technology should provide helpful ideas for storage. Of course, it also
 

means that the problem areas are also shared--as will be indicated in the
 

following discussions of: quenching, magnetic stresses, magnetic shielding,
 

joints and leads, and interfacing with the "normal" components.
 

An interesting operational problem is posed by the possibility of an uncontrolled
 

transition reversal from the superconducting state to normal, i.e., "quenching",
 

that results in an ohmic power pulse dissipation into the cryogenic refrigerant.
 

This instability can originate locally during charge up of the magnet and
 

cascade rapidly through the windings. The potential hazard associated with
 

vaporization of the refrigerant is partially relieved'by: (1) the present
 

fabrication practice of embedding the superconducting material filaments in a
 

stabilizing material that is a good heat -sink (usually copper); and (2) the
 

presence of additional heat sink capacity in the reinforcement structure.
 

Another interesting consideration arises from the fact that a stress is created
 

in the superconductor by the body forces exerted on the magnet windings.
 

Since,
 

* 	 Magnetic force is proportional to electromagnetic 
2(Field strength) and, therefore, is proportional to
 

(Current density)2 ,
 

it can be seen that high current densities achievable with superconductors
 

are accompanied by high force levels that could cause localized failure and
 

subsequent shorting.
 

Yet another facet of the superconducting magnet is the possible requirement
 

for shielding. The extent of a field surrounding-a solenoidal magnet is
 

illustrated in Figure 4.1, which indicates the radial decay for a 30 m (98 ft)
 

diameter magnet storing 2.2 x 106 MJ (611 MWh) at 100 kG. Magnetic
 

shielding-may"be required to protect both people and equipment.*
 

*Standards for the protection of people have not been established at the present
 
time; see also value point discussions on safety considerations.
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Suitable methods must be devised for making zero-resistance or superconductive
 

joints between sections of superconductor. A joint of resistance as small as
 

1 microhmn would dissipate energy at a considerable rate. Over an 8-hour
 

period this would represent a negligible loss of energy in comparison with the
 

storage capacity but the local heating effect could result in serious
 

instability. It is also apparent that careful attention must be given to the
 

design of the "persistence switch" as that disconnects the magnet from the
 

power source once persistent current circulation of the desired level has
 

been established. ,Awholly satisfactory switch does not yet exist. A primary
 

need for persistent mode operation results from protection afforded the
 

inverter portion of the power conditioning equipment. Present day inverters
 

are not capable of handling the high currents of normal mode of operation.
 

Leads must also be designed for high power transfer into and out of the coil
 

and its surrounding dewar.' Since the power source for charging the super

conducting magnetic energy device is AC, there is need for an inverter/
 

converter arrangement. Considerable attention has been given to this aspect

of interfacing equipment (e.g., Reference 41).
 

Alternative Approaches for Implementation
 

There are relatively few design variables from which to fo-m.combinations
 

to represent different candidate concepts for superconducting magnetfic energy
 

storage. These variables are
 

* Coil (magnet) shape 

c Superconductor material/fabricated element arrangement -

* Refrigeration equipment
 

" Support structure arrangement, -i.e., "reinforcement"
 

* Power conditioning equipment.
 

Magnet Shape. There are a number of magnet shapes formed by conductor
 

winding(s) that have been studied in the past in an effort to derive a
 

desired magnetic field distribution. These include the-solenoid, the
 

toroidal, and the so-calledBrooks-coil. The principal merits of the
 

solenoidal winding are simple fabrication and efficient volumetric use of
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the conductor. Its major drawback is low energy volumetric density. The
 

toroidal shape possess the advantage that the magnetic field is within the
 

coils and nonexternal. The Brooks coil is configured specifically to maximize
 

the amount of stored energy for a given amount of superconductor winding.
 

Superconductor Material/Fabricated Element Arrangement. With regard to
 

superconductor material, the choice at the present is between the niobium

titanium and the niobium-tin alloys. The former has a lower critical
 

temperature (see Table 4.1) but is not as brittle as the latter. On the
 

basis of a greater experience base and somewhat lower cost, the niobium

titanium (NbTi) fiber/copper matrix composite "tape" presents a more
 

attractive choice.
 

Refrigeration Equipment. There is no choice but to use a liquid helium
 

refrigeration system. There is greater latitude with regard to dewar con

figuration.
 

Support Structure Arrangement. As previously discussed, high strength
 

magnets can develop very high stress levels in the windings. Then,
 

mechanical support structure, or "reinforcement" will compete with refrigeration
 

for space adjacent to the superconductor windings. "Cold reinforcement"
 

results if the support structure is immersed in the refrigerant, that is,
 

contained within the dewar. "Warm reinforcement" results if the structure
 

can be assembled external to the refrigerant, that is, outside the dewar.
 

The latter arrangement can be much less expensive than the former--especially
 

-for large size installations (the differential becomes less significant for
 

smaller size magnets); the IUS installation is considered "small" compared
 

to utility applications. The choice of reinforcement type also leads to a
 

consideration of above vs. underground installation. A warm reinforcement
 

design would suggest using the compressive strength of rock to advantage in
 

supporting the reinforcement structure in an underground installation.
 

.However, this choice is not without problems, because the low tensile strength
 

of rock could lead to extensive radial cracking--say 10 times the magnet
 

radius. This problem is alleviated by excavating to greater depths to
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capitalize on overburden pressure. Additionally, the low elastic modulus of
 

rock.suggests (as it did to the University of Wisconsin investigators) a fluid
 
separator between the dewar and the excavated chamber walls.
 

Power Conditioning Equipment. Here again, as in the case of refrigeration
 

equipment, there is'no choice but to provide interfacing equipment between
 

the dc superconducting magnet and the ac main IUS power bus. Options-do
 

exist for the electrical designs with regard to implementation. Thus,
 

depending upon the current density iegime--there are a variety of options.
 

A typical arrangement is shown in Figure 4.2.
 

Evaluation of a Candidate Concept
 

Candidate Selection. The solenoid configurationwas chosen for the super

conducting coil. According to the work performed at Los Alamos Scientific
 

Lab (LASL)(37) a solenoidal winding is the most economical for coils smaller
 

than 10-MWh capacity. The material selected is the niobium-tin (Nb-50 wt%
 

Ti)/copper matrix composite in a "tape" arrangement suitable for winding.
 

For the IUS application, it appears that an above ground cold reinforcement
 

installation would be the most practical approach.- This choice is also based
 

upon Reference, 37, which indicates cold-reinforcement is economical for
 

coils of less than-10-MWh capacity.-


Technical Characteristics. Although a design study was not undertaken for
 

the candidate superc6nducting.magnetic energy storage concept, a number of
 

technical characteristics were examined to afford a general characterization
 

of the device. These charaateristics include
 

* Round trip efficiency
 

" Charge/hold/discharge capabilities
 

* Energy storage density
 

o Hardware availability
 

- Transportability 

* Operational availability/reliability/maintainability
 

4.8
 



S%%S 

AC/DOC 

TRANSFORMER - BUS 
' DC/AC 

CYROC1CSC IRING S HRONOUS
 
REFRIGERATOR
 

CONTROLLER
 

CONTROL SIGNALS TO/FROM
 
MAIN IUS CONTROLLER 

After Reference 37
 

FIGURE 4.2. EXAMPLE ARRANGEMENT OF POWER CONDITIONING EQUIPMENT
 

4.9
 



. Useful life 

* 	Safety considerations
 

o 	Expansion cipability
 

* 	Environmental concerns.
 

Round-Trip Efficiency. Estimates have been made of the round trip efficiencies
 

associated with the three design point conditions
 

o 	1000-Unit Apt Complex - 5 baseload diesel electric
 

(DE) generators (i.e., 1 set repladed by energy
 

storage unit)
 

* 	1000-Unit Apt Complex - 4 baseload units (i.e., 2 DE
 

units replaced)
 

* 	Village Complex - 6 baseload units (i.e., 2 DE units 

replaced). 

The major loss mechanism affecting round trip efficiency would be refrigeration
 

losses (during discharge). It has been estimated that these losses are
 

approximately as follows:
 

Energy Storage Capacity, kWh Refrigeration Losses, kWh/h
 

1,000 	 2
 

40,000 	 60
 

A .power converter efficiency of 98 percent is assumed, and a depth..of dis

charge not exceeding 75 percent of rated capacity is also assumed. The
 

results indicate round trip efficiencies on the order of 90 percent, a value
 

which has been adopted to represent fully developed superconductor magnetic
 

energy storage performance.
 

Charge/Hold/Discharge Capabilities. There is no practical rate of charge
 

limitation on the superconducting magnet field.. The limitation will be
 

imposed ty the transfer capabilities of the power conditioning equipment and
 

the'withdrawal rates from the IUSbus or available off-peak power. If the
 

magnet power-conditioning unit must be rated for maximum power levels of the
 

IUS there are no problems. Once the superconducting coil is operating in the
 

persistent mode, i.e., holding without additional power input, the losses'are
 

negligibly small.
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Energy Storage Density. The significance of energy storage density
 

(volumetric basis) here is somewhat obscurred by the wide variations in
 

plant dimensions that would arise from the design of the dewar and
 

reinforcement structure. 
Values in the range 18-35 kWh/m
3 (0.5-1 kWh/Ft ) 

such as listed in Reference 46 are thought to be as indicative of preliminary 

design as any other estimates. 

Hardware Availability. Neither design nor basic hardware for a super

conducting magnetic energy storage installation in an IUS are "off-the

shelf". As a matter for consideration, the introduction of such units
 

in even modest numbers may have to contend with the limited availability
 

of superconductor material, most of which is presently used in magnets for
 

high energy physics and fusion studies.
 

Transportability. It is unlikely that completely assembled solenoids.
 

would be transported to the installation site. Instead, "pancakes" would
 

be wound and the stack assembled on site. Similarly, the dewar would be
 

field erected.
 

Operational Availability/Reliability/Maintainability. Lacking the precedence
 

of an operating prototype, it is suggested that energy storage superconducting
 

magnets should exhibit availability/reliability/maintainability behavior
 

similar to other high field superconducting magnets now in use. Thoughtful
 

design, careful fabrication, inspection, and assembly--including adequate
 

shock/vibration isolation--and rigorous refrigeration equipment maintenance
 

should minimize unit down time.
 

Useful Life. Projections for useful life of a superconducting magnetic
 

energy storage installation suggested in a previous study (4 3 ) are in the
 

range 20-30 years.
 

Safety Considerations. There are several aspects of operational safety that
 

are immediately apparent: (1) consequences of superconductor quenching,
 

(2) seismic protection, and (3) magnetic field exposure hazards to personnel.
 

It was previously mentioned that the primary consequence of quenching would
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be the rapid transfer of energy to the refrigerant that could result in an
 

explosive vaporization. Since the dewar would not be constructed as a
 

pressure vessel, perhaps an appropriate solutifi is a combination of pro

visions for adequate pressure relief and structural heat sink capability.
 

Deliberate quenching has been'studied on a small scale without catastrophic
 

results.
 

Seismic protection is both an operational as well as a safety concern, because
 

the superconducting magnet is sensitive to relative motion betweenadjacent
 

superconductor segments. The safety aspect arises more from maintaining the'
 

integrity of the dewar.
 

With regard to biological hazards associated with exposure to dc magnetic'
 

fields, there are as yet no applicable standards (e.g., as might be set
 

by OSHA) in force. The topic is currently being researched (e.g.,
 

Reference 45). There will be an inherent form of shielding protection
 

owing to the necessity for guarding nearby control equipment from magnetic
 

field transients during charge/discharge.
 

Expansion Capability. Once a superconducting magnetic energy storage device
 

has been installed, it has in essence become a self-contained module and is
 

not amenable to physical alteration; Thus, it has no expansion capability
 

except in the sense of adding another "module".
 

Environmental Concerns. The superconducting magnetic energy storage method
 

appears to present minimal environmental concern, because it and its
 

refrigeration equipment are self contained. The question of magnetic
 

radiation which has been previously addressed is a possible exception. If
 

underground excavation is contemplated, then relief from architectural
 

aesthetics is traded off for careful examination of possible interference
 

with other underground resources and activities.
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Cost Characteristics. As previously discussed, the suggested candidate for
 

superconducting magnetic energy storage application to the IUS would embody
 

solenoidal magnet geometry and cold (structural) reinforcement. In the
 

following discussion estimates of the costs for such a concept are derived by
 

scaling down information for larger hypothetical installations.
 

The reference cost data, taken from Reference 37, are given in Table 4.2
 

for three levels of energy storage capacity-that range over several orders
 

of 	magnitude. These data allow extrapolation to smaller energy storage
 

capacities. The cost estimates for IUS study cases in which baseload
 

generating units are replaced by superconducting magnetic energy storage
 

devices* are summarized in Table 4.3.
 

Opportunities for Research and Development
 

Superconducting magnetic energy storage is believed to have significant
 

potential for complementing baseload electrical generating equipment over
 

a broad range oftenergy storage capacity requirements. Perhaps the-most
 

practical approach to long term development of this technique would be to
 

support a gradual buildup of installed energy storage capacities. Suchan
 

evolution would tend to establish and maintain a developmental cost framework 

that would be reasonable.
 

Because IUS applications are considerably smaller in scale than those
 

envisioned for large electric utilities, they offer an excellent opportunity
 

for implementing the suggested development strategy. For example, there has>
 

bden- sbme concern regarding the practicality of constructing the very large
 

magnets that-would be required for electric utility installationd. It would
 

geem that IUS-requirements would be a less distant extrapolation from the
 

sucdessful12-meter bore magnets presently used for bubble chambers in high
 

energy physis'ekperimettation. There are two areas of interest over which
 

* 	 A'round trip -efficiency of 90 percent has been assumed. The significance of 

this assumption -Is discussed in Volume II of the report. 
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TABLE 4.2. COST OF LARGE SMES SYSTEM HAVING SOLENOIDAL GEOMETRY
 

Maximum Stored Energy, kWh
 

Subsystem and Cost, S/kWh 8.33 x 1o3 8.33 x 105 1 x 107
 

Superconductor 144.1 14 13
 

Dewar 324.1 36 36.9
 

Structure 	 96.0 (a) (a)
 

Refrigerator 	 20.4 5.4 1.1
 

Converter 	 12.0 1.1 4.1
 

Miscellaneous(b) 	 60.0 5.6 5.4
 

SMES System 	 656.6 62.1 60.5
 

Notes: 	Data from References 37. 39, and 43.
 
Round trip efficiency - 90 percent
 
75 percent depth of discharge
 

(a) Included in Dewar Cost.
 
(b) Space, assembly, etc.
 

TABLE 4.3. COST OF SMES SYSTEM FOR IUS APPLICATION 

Maximum Stored Energy, kWh 

Subsystem and Cost, $/kWh 1,000 4,000 35,000 

Superconductor 245.0 177.0 66.0
 

Dewar and Structure 640.0 480.0 205.0
 

Refrigerator 31.5 23.5 15.5
 

Converter 15.7 13.3 10.2
 

Miscellaneous 82.0 67.0 42.0
 

SMES System 	 1014.2 760.8 338.7
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developers of superconducting magnetic energy storage devices should maintain
 

surveillance.
 

* 	Large magnet design/fabrication/operating experience
 

associated with control-led thermonuclear research
 

* 	Availability (i.e., supply/demand behavior; see
 

Reference 47) of the natural resources associated
 

with superconductor fabrication.
 

Finally, the complex interactions of design factors leading to the integration
 

of magnet shape, refrigeration containment/circulation, mechanical-support,
 

and interfacing with "normal" electrical equipment makes total system con

siderations of utmost importance. A number of these design factors will need
 

continuing attention, e.g., (1) allowance for differential contraction
 

during cool down to cryogenic refrigeration temperatures, (2) thermal stress
 

cycling effects, (3) efficient structural design for magnet reinforcement,
 

(4) allowable heat leakage, (5) low temperature electrical insulation, and
 

(6) acceptable electrical safety.
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5. ELECTROCHEMICAL ENERGY STORAGE
 

Basic Aspects of Electrochemical Energy Storage
 

An electrochemical energy storage (E/S) installation for IUS application would
 

consist of (1) power conditioning equipment and (2) rechargeable batteries
 

arrayed as the energy storage device. A conceptual block diagram of such an
 

arrangement is shown in Figure 5.1.
 

Available excess electrical energy from the IUS baseload generators would be
 

stored during the charging portion of the E/S duty cycle. The storage mechanism
 

is one of causing the battery's "active" materials (embodied in the traditional
 

electrolyte and electrodes) to undergo chemical change. These materials are
 

selected for ability to maintain a metastable chemical state; that is, the
 

rate of self-discharge* is sufficiently small to allow the charging source to
 

be disconnected if desired. During discharge the active materials revert to
 

their stable states.
 

The number of charge/discharge cycles performed before power output declines
 

to an unsatisfactory level constitutes the cycle life of the battery. Cycle
 

life depends upon numerous factors, including (1) operating temperature, (2)
 

rates of charge/discharge, and (3) depths of discharge. Depth of discharge
 

refers to the proportion of active materials utilized during withdrawal of
 

stored energy. Cycle life is favored by (1) low operating temperatures, (2)
 

low rates of charge/discharge, and (3) shallow depths of discharge. Operating
 

temperatures are inherent in the choice of active materials; rates of charge/
 

discharge are governed by duty cycles; reduced depths of discharge can be, in
 

effect, achieved with weight/volume/cost penalties by increasing the amount of
 

active materials.
 

As indicated in Figure 5.1, power conditioning equipment is required to inter

face the DC battery with the AC bus IUS. Briefly, the functional requirements
 

and equipment include the following:
 

* 	 Self-discharge is an internal loss mechanism analogous to windage/bearing
 
losses for inertial E/S and to the extremely small 12R losses for SHES.
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* 	During charging, AC from the IUS generators is rectified
 

to DC by the converter; during discharge, the inverse
 

function is performed by the inverter. Although dual
 

function equipment is available, some economy can result
 

by using separate assemblies if the power ratings are
 

quite different as a result of different charge/discharge
 

rates.
 

* 	The transformer required for matching IUS/battery voltages
 

should have provision for tap changing to allow for no-load/ 

full-load voltage variation. The transformer also reduces 

some of the system harmonics. 

" Filters are used to attenuate harmonics not suppressed by 

the transformer. 

" Capacitor banks will be required to supply reactive power 

for power factor correction, since the battery supplies 

only real power. 

* 	Lastly, the incorporation of the E/S installation into the
 

IUS will require appropriate switchgear/relaying, protec

tive equipment, and transmission buswork.
 

With proper integration, overall electrical efficiency exceeding 90 percent
 

and even approaching 95 percent (suggested upper limit) should be realized.
 

Storage batteries have two related features that make them attractive for bulk
 

E/S applications such as the IUS: (1) modularity of construction, and (2)
 

rapid response. The first illows capability of the E/S being sized for any
 

capacity requirement. Also, modularity permits versatile electrical assembly
 

(i.e., series, parallel, or combinations); and, voltage/current (therefore,
 

delivered power) control can be readily accomplished. The second feature makes
 

the battery suitable for load following peak-shaving, intermediate load

leveling, and emergency power generation.
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Alternative Approaches for Implementation
 

Alternative concepts for electrochemical E/S are derived basically from choices
 

of 	active materials for the battery. The materials choice may then lead to one 

or more geometric configurations for practical implementation. At the present
 

time, many types of secondary (i.e., rechargeable)-batteries are in various
 

stages of development. Each presents certain advantages/disadvantages for a
 

given application such as the IUS.
 

In general, desirable features would include (1) adequate technical character

istics and (2) low life cycle costs. For the IUS, a third desirable feature. 

would be near term (i.e., 1985) availability. Desirable technical character

istics include high energy density, acceptable power density, high energy 

efficiency, and long cycle life. Desirable cost characteristics include low 

initial installed capital costs and/or operation and maintenance (O&M) costs.
 

These characteristics are interrelated and depend-on the intended duty cycle.
 

Clearly the. challenge lies in providing desired technical characteristics at an
 

acceptable cost; the implied tradeoffs are well illustrated for a water battery
 

concept in Reference 1.
 

Because of the large number of electrolyte/electrode combinations being studied,
 

qualitative arguments have been utilized to reduce the possibilities to a
 

tractable number of preliminary candidates. Concepts that-have been excluded
 

in this manner are:
 

" 	Organic electrolyte batteries--ruled out because of (1) high 

resistivity, which limits achievable power density, and 

(2) possible cycle life limitation owing to questionable
 

stability of some organics.
 

o 	Primary battery derivatives incorporating depolarizers
 

(e.g., manganese dioxide)--rejected because (1) long cycle
 

life not yet established, and (2) lack of evidence support

ing scaling toMWh ratings within a reasonable time frame. 

o 	Batteries already superseded by improved or alternate con

cepts (e.g., lithium-chlorine and alumnum-chlorine)--many 

have been considered unsuitable for bulk E/S applications; 

others are being developed for specialized applications 

such as electric vehicles.
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The resulting list of candidate concepts for preliminary screening is shown
 

in 	 Table 5.1. This list has been organized according to internal operating tem

perature levels.
 

Evaluation of Selected Candidate Concepts
 

Candidate Selection. Averaged performance and cost data have been collected
 

from the literature for the preliminary list of battery candidates given in
 

Table 5.1. These data are assembled in Table 5.2.
 

Actual cell cost data have been selected where possible. Thus, the costs for
 

the well established nickel-cadmium, silver-cadmium, and silver-zinc batteries
 

are considered realistic and appear to have limited chance for significant
 

reductions. However, the costs for state-of-the-art nickel-hydrogen, silver

hydrogeN, zinc-chlorine hydrate, lithium-metal sulfide, and sodium-sulfur
 

candidates have a good chance of reduction below the $50/kWh level.
 

A method has been devised for deriving a figure of merit, which, although arbi

trary is useful in ranking candidates. This method utilizes both performance
 

and cost parameters as shown in Table 5.3. The application of the method,
 

along with results, is summarized in Table 5.4.
 

Of 	the 24 battery candidates listed in Table 5.4, 15 have a figure of merit
 

exceeding 20 (the average possible score). This result indicates a possible
 

relative superiority for these candidates in an IUS application.
 

Of 	the remaining 15 candidates several can be rejected by invoking the fol

lowing arguments.
 

* 	Nickel-hydrogen--is rejected because of the high cost to
 

achieve long cycle life. Additionally, alternatives to
 

high pressure gas storage have yet to be demonstrated.
 

* 	Zinc-chlorine--is rejected in favor of the zinc-chlorine
 

hydrate concept owing to the more hazardous storage of
 

free chlorine instead of the combined form.
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TABLE 5.1. 	PRELIMINARY LIST OF CANDIDATE BATTERY CONCEPTS
 

FOR IUS APPLICATION
 

Operating Temperature	 (a)

Battery Designation
Range, deg K 


Low (21-3-373) 	 PbO2 /Pb
 
NiOOH/Cd
 
NiOOH/Fe
 
NiOOH/Zn
 
NiOOH/H2"
 
Ago/Cd
 
Ago/Zn 
Ago/Pb 
AgO/H2 -
Zn/CI2 
Zn/C126H20-
ZnIBr2 
zn/02,
Fe/o2
 
Cd/o2 2+ 3+ 6+ 3+
 
Redos (e.g., Cr , Cr /Cr * Cr+)
 

Na/(Me)C12(b)
Intermediate (373-573) 

N&/02 

High (573-973) 	 Li-AJ/CI2
 
Na/S
 
Li/S
 
Li/Se
 
Li/Te
 
Li-Al!(Me)S
 

(a) 	The battery designation is given in terms of the major active
 
materials.
 

(b) 	(Me) designates a metal.
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TABLE 5.2. TYPICAL BATTERY PERFORMANCE AND LIFE DATA
 

REPORTED IN THE LITERATURE 

aversa. K 
*forod Repott 
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TABLE 5.3.- RATING CRITERIA FOR ESTABLISHING
 
FIGURE OF MERIT
 

Parameter and Value(a) 


Average operating voltage, V 


Maximum Ah capacity reported,3Ah 


Operating temperature, K 


Cycle life, cycles 


Depth of discharge, percent 


Wh efficiency, percent 


Energy density, Wh/kg 


Power density, W/kg 


Projected near-term cost, ,$/kWh0 )  


As igned, Score' 
J 2o 

4 1 > I
 

1-< 100: > 100
 
> 373 < 373

< 100 > o00
 

< 50 > 50i
 

< 75 > 75
 

< 55 > 55
 

< 55 > 55
 

> 50 < 50
 

(a) Discrin inant numerical values are considered minimal
 
for energy~storage applications.
 

(b) Near-term refers to 1975 - 1985 time frame.
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TABLE 5.4. DETERMINATION OF FIGURE OF MERIT FOR BATTERIES BASED ON LITERATURE DATA
 

Average Maxima
 

Operating Alh Operatlng Cycle Depth of wh Energy Pont ProJected Piaure of
 
lttery p.(a) Voltage Capacity Taeeraoq e Life Dtcharae Iffiejenry Eoatnity Dersity tnttai(b) (erlc)
 

FW2 /Pb 2 2 2 2 1 1 1 2 13 (2 
d)  

(26) 

g=H/Cd 2 2 2 2 1 1 t 2 13 1 13 

NLWHIF. 2 2 2 2 2 1 1 2 14 (1) (14) 

nwlO/Zn 2 2 2 2 2 1 2 2 15 1 15 

1.0/H2 2 1 2 2 2 (2) 2 2 (IS) (2 %d) (30) 

Ago/cd 2 1 2 2 1 1t (2) (12) 1 (12) 

AgO/Zn 2 2 2 1 1 1 2 2 13 1 13 

A 2o j t 1 2 t 1 (1) t, (1) (9) (1) (9) 

A 82,l1 2 2 2 2 2 (1) 2 (2) (15) 1 (t.) 

"Zn/Cl2 2 2 2 1 2 2 2 2 15 (2) (30) 

Z/C12 6%O 2 2 2 2 2 (2) 2 1 (15) (2)
(6 )  

(30) 

Zn/Br 2 (2) 1 2 1 (2) (1) 1 2 (12) (1) (12) 

z./02 2 1 2 1 2 1 2 2 13 (2) (26) 0 

Fe/C2 (2) 2 2 1 1 1 2 (2) (12) (2) (24) 

cd/ 2 1 1 2 1 2 1 2 (2) (12) (2) (24) 

1 (1) (1) (11) (2) (22)
 

NlW($e)C1 2 2 1 1 1 2 2 2 2 13 (2) (26)
 

N'/02 (2) 1 1 1 1 1 (2) (2) (L1) (2) (22)
 

Redoz (1) t 2 2 2 

Lt(A1)/(He)C1 2 2 1 1 1 2 (1) (2) 2 (12) (1) (12) 

tL-A1/leS 2 1 (1) 2 (1) 2 2 (13) ( )
(
d) (26)2


LI/S (2) L 1 1 (2) 2 2 2 (13) (2) (26)
 

LI/Se (2) 1 1 1 (2) (1) 2 (2) (12) (2) (24)
 

LUlTe 2 1 1 (2) (1) 2 z (12) (2) (24)
 

Re/s 2 2 1 1 2 2 2 2 14 ()(d> (28)
 

(a) Alloying addition. for the.. pr£ lri1 oponen,. erra aetlaeO used. Tese at. give in parethea.. m represst . satal. 
(b) Parruthe-e Lo of (.. toext)* figur" esy e r - n- dat. ic...avaflabl.Liudicti uncertainsty S the data lh. avs . 

case(c)S total Pjct.d Cost.4 
(d) Tb. s0 sa an'tdena thatVdth a hufficant W eref Costsuco ld .11 bal. $50/kwh. 



" Zinc-air--is rejected for lack of a low cost, long life
 

oxygen electrode. A potential problem of internal shorting, 

with resultant loss of capacity, could arise as a result
 

of 	zinc migration during cycling. 

* 	Iron-air, sodium-air, and cadmium-air--all are rejected,
 

again because of a lack of a suitable oxygen electrode.
 

* 	 Lithium-sulfur, lithium-selenium, and lithium-tellurium-

all are rejected because they are superseded by lithium

alloy-metal sulfide concepts.
 

" 	Sodium-metal chloride--is rejected in favor of the lithium

metal sulfide concept, which is at a more advanced stage of
 

development
 

* 	Redox--is also rejected as being in too early a stage of
 

development to be a near-term contender for IUS service.
 

Four candidates, each of a distinctly different nature from the others, remain
 

for detailed consideration in an IUS setting. These four are listed below to

gether with an anticipated time schedule for demonstration in The Battery
 

Energy Storage Test Facility (BEST) at a (power, energy) level of (1-2 MW,
 
(2)*1-10 MWh 

Lead acid (PbO2/Pb) 1978-1979 

Zinc-chlorine hydrate (Zn/C1 2 " 6120) 1979-1980 

Lithium-metal sulfide (Li/MeS) 1980-1982 

Sodium-sulfur (Na/S) 	 1981-1982 

These four concepts are being suggested by their developers as near-term 

contenders for bulk E/S applications. The first two represent concepts designed 

to operate at relatively low internal temperatures. Although operating as a 

static system, in state-of-the-art technology, the lead-acid battery could 

operate with a flowing electrolyte (to improve heat transfer) in an advanced 

design. The zinc-chlorine hydrate concept does employ a recirculating electro

lyte that also transports active materials. The last two concepts on the list 

will operate at relative high temperatures (see Table 5.1) and also feature
 

permanent encapsulation of the active materials within individual cells.
 

* The BEST Facility is an industry development being coordinated by the 

Electric Power Research Institute (EPRI).
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Technical Characteristics. Having selected four concepts as candidates for
 

near-term IUS application, attention is focused upon their technical charac

teristics. Each concept is treated separately and its discussion begins with
 

a brief background description. It must be emphasized that the characteristics
 

described are based upon published information, and BCL's interpretation of
 

these published data. As new information becomes available this should be
 

incorporated in these analyses.
 

Lead-Acid Battery. Because the lead-acid battery has been in use for over 100 

years, its unusual nomenclature has persisted. In contemporary practice, a 

battery is identified in terms of the major constituents of its electrodes;
 

hence, the correct and preferred description is lead dioxide-lead battery.
 

From an application standpoint there are four basic kinds of lead dioxide-lead
 

batteries available: (1) Units for automotive vehicle starting, lighting, and
 

ignition (SLI); (2) traction batteries for industrial and recreational vehicle
 

(e.g., fork-lifts and golf-carts); (3)-stationary units for public buildings
 

and critical installations (standby/emergency); and (4) bulk energy storage
 

units, such as aboard submersible craft. Although storage capacity required
 

for IUS peak shaving/load leveling is much larger, the application clearly
 

falls in the last category.
 

The manfacturing technology for conventional PbO 2/Pb batteries is well esta

blished, and the manufacturing cost relatively well known. Data for PbO2 /Pb
 

batteries are taken as a reference for other battery storage systems. Although
 

the performance/cost of state-of-the-art PbO 2/Pb batteries leaves much tobe
 

desired, the lead time for this installation is considered to be short. For
 

example, it has been suggested (2 ) that submarine batteries be used for initial
 

tests of the BEST Facility that are scheduled for about 1978-79. Although
 

these batteries would not be optimized for an energy storage application, two
 

important related benefits would result. First, the suitability of the facility
 

for testing large storage batteries would be evaluated; Second, operating data
 

would be accumulated for a large battery system, an experience that could help
 

to resolve some presently unanswered questions, such as reliability. 

5.11
 



Conventional PbO 2/Pb battery cells consist of one or more positive electrodes,
 

containing a specially formulated lead dioxide, and one or more negative
 

electrodes, which contain essentially metallic lead. These active materials
 

are supported on lead-alloy current collectors (grids). All the positives in a
 

cel, are joined to a lead-alloy terminal post, while all the negatives are
 

joined to another post. Different polarity results when the sulfuric acid
 

electrolyte is added. A separator is used between positive/negative electrode
 

pairs to prevent an electronic conduction path (short-circuit) between the two,
 

and to achieve uniform, parallel spacing of the electrodes. Each (electrode
 

pair and electrolyte) cell has a low-drain voltage of about two volts; hence,
 

they are normally connected in series to form a battery of the desired voltage
 

(usually 6 or 12 volts). The battery cases, which normally incorporate the
 

cell partitions, traditionally have been made from hard rubber or glass; but in
 

recent years synthetic rubbers and plastics (e.g., polypropylene) have become
 

popular.
 

Over the last half century the performance of conventional lead dioxide-lead
 

batteries has been improving slowly, but steadily. The duty cycles for energy
 

storage applications resemble closely those for traction batteries having daily
 

deep discharge/recharge cycles; hence, data for this type of battery are used
 

here as a baseline. Projections have been made from these data to obtain
 

performance estimates for near-term advanced batteries.
 

The energy efficiency of a battery storage device is important in determining
 

the amount of energy that has to be stored in order to deliver the required
 

electrical output to the load. The energy efficiency will be some function of
 

battery type, design and method of construction, duty cycle, and power condi

tioning equipment. In any battery system, inefficiencies during charging and
 

discharging are manifested by voltage losses and resultant heating effects.
 

These losses increase with increased current density at which individual cells
 

operate. However, it would be impractical to operate at too low a current
 

density, because the size of the storage device would be larger and (usually)
 

more expensive. Thus, a compromise in operating current density must be
 

sought. As shown in Table 5.2 over the range of current densities typical of
 

present'applications, the energy efficiency is in the range of 68 to 75 percent,
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for 50 percent depth of discharges. Ideally, for load-leveling energy storage
 

applications, the depth of discharge should be as close as possible to 100
 
-percent in order to keep the capital costs for storage as 
low as possible. At
 

the present time this, is not practical for conventional PbO 2/Pb batteries;
 

perhaps a 75 to 80 percent depth of discharge would be more realistic. The
 

net effect of this using a 75 to 80 depth of discharge would be to increase
 

the humber of allowable discharge cycles while slightly penalizing the energy
 

efficiency. Considering that the round-trip electrical efficiency of the power
 

conditioning subsystem is expected to be in the range of 90 to 95 percent, an.
 

overall energy efficiency of 65 percent has been selected as being realistic
 

for this battery candidate in an IUS application.
 

The 61 kWh/m3 (1.73 kWh/ft3) energy density shown in Table 5.2 is typical of
 

conventional traction and stationary batteries. Modern PbO2/Pb batteries being
 

manufactured specifically for electric vehicle applications are exhibiting 

energy densities of about 92 kWh/m3 (2.6 kWh/ft3). However, these figures do 

not take into account the extra volume required for access, cooling, ventila

tion, safety control, and performance monitoring required in large battery
 

installations, such as would be needed for the IUS application.
 

A recent study of a peaking type Pb0 2/Pb battery for use as an electric 

utility distribution system gives data which is equivalent to a value of 44 

kWh/m3 (1.25 kWh/ft 3) for the battery alone, or 35 Kwhr/m3 (1.20 kWh/ft 3) 

for the battery storage subsystem. These latter values do take into considera

tion the volume required for access, cooling and ventilating ducts, etc., and 

hence are more realistic than those given in Table 5.2 for much smaller systems.-

Studies performed for EPRI to arrive at a conceptual design for the BEST
 

Facility (4 ) considered submarine PbO 2/Pb batteries for storage subsystems up
 

to 10,000 kWh (1 mi, 10 hr discharge). The conclusion reported in that study
 

was that for the most compact arrangement the cells should be free-standing
 

(i.e., case material rigidly supports the weight of the electrodes and electro

lyte), and water-cooled. The largest capacity cells available should be used
 

to minimize the floor space occupied. Most large capacity cells available are
 

air-cooled (conversion to water cooling is not generally possible). However,
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REPRODUCIBILITY OF THE 
ORIGINAL PAGE IS POOR 

even if water-cooled, space must still be allowed for a ventilation system to
 

discharge the gases (especially hydrogen) generated during cycling. If the
 

facility ceiling height is restricted, at least five feet should be left
 

-between rows'of cells connected in series to enable access by a forklift truck
 

to remove and replace faulty cells. Without a ceiling height restriction, an
 

overhead crane can be used-for maintenance and the floor space needed for a
 

given' battery capacity could be reduced. The effect on volume requirements
 

would then depend upon the size of the particular cells selected and could have
 

to be estimated for each installation. Using Exide MAZ-31A cells as an examples 

the data given in Reference 4 would suggest energy densities in the range 3.53 

to 5.30 kWh/m 3 (0.10-0.15 kWh/ft 3 ) depending on the type of cooling duct and

maintenance equipment employed. 

From the preceding discussion, if conventional state of the art PbO2/Pb bat

teries are used in an E/S facility, the installed energy density could not be 

(0.10 kWh/ft 3) but would not exceed 	35.3 kWh/m
3
 

less than about 3.53 kWh/m
3 


(1.00 kWh/ft 3) . Because the latter estimate was based upon a study which 

assumd certain improvements in present day performance, the low value is often 

preferred. However, because there is a strong indication that the latest 

batteries being developed for electric vehicle applications have energy den

sities some 50 percent higherxthan that shown in Table 5.2, the energy density 

value chosen for the IUS application is 5.30 kWh/m
3 (0.15 kWh/ft3). 

If the power conditioning subsystem cannot be housed in an existing structure
 

within the IUS, then the overall installed energy density could be reduced by
 

up to 50 percent. Hence the energy density of the storage system, if built
 

today, would likely be in the previously suggested range of 3.53 to 5.30 kWh/m 3 

(0.10-0.15 kWh/ft 3). As an example of the size of building required for one
 

set of operating parameters of the 	IUS, 'consider the 1000-Unit Apartment case,
 

with 5 baseload generators installed, and a required storage capacity of 1310
 

kWh for an electrochemical storage 	device with -a round trip efficiency of 

65 percent (i.e., 1,056 kWh could be,discharged to the load over a 4 hour
 
3 3
3
period). With an energy density of 3.53 kWh/m (0.10 kWh/ft ) the building 

volume requirement could be 371-m3 	(1,310 x 10 = 13,100 ft3). If the ceiling
 

(25 ft), then the floor area is about 84 m2
 height is assumed to be about 4.57 

(900 ft2), and a typical floor plan 	might be (30 x 30 or 40 x 22.5 ft).
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In order to minimize the life cycle cost of an electrochemical E/S system it is
 

important that the service life be as long as possible. Present stationary
 

PbO2/Pb batteries for emergency standby power have a life of about 20 years,
 

but these are infrequently discharged. In contrast, automobile (SLI) batteries
 

have a life of between 2 and 5 years, depending on the quality sought by the
 

manufacturers. Traction batteries, operating at depths of discharge of 50 to
 

80 percent, give lives of 5 to 7 years (1000 to 2000 cycles, as shown in Table
 

5.2). When a large number of cells are connected in series to form a battery,
 

and when a large number of these batteries are connected in series and/or
 

parallel to form a storage system, additional problems arise that shorten life.
 

For example, thermal runaway, which can occur with cells or batteries connected
 

in parallel, &an lead to premature failure. Mismatch of cell capacities, which
 

can occur.for large numbers of cells connected in saries, can lead to cell
 

reversals and again to premature failures. For large battery systems, with
 

hundreds of cells electrically connected together, it .may le ecdnomically
 

impractical* to control the voltages during charge and discharge very closely,
 

so that cell mismatch is likely. For the above reasons,- and tedause operating
 

experience has not been obtained with systems'of MWh storage capacity, a
 

realistic life for state of the art battery systems is expected to be 5 years
 

(1000 to 1250 cycles). Then for a desired 20 year energy storage system life,
 

the batteries would have to be replaced three times.
 

Thus far, only state-of-the-art PbQ2 /Pb batteries have been considered.
 

However, considerable effort is being expended by several companies to design
 

improved batteries for E/S application. Two approaches are apparently being
 

taken: (1) modification of existing designs and technology; and (2) redesign"
 

based on system requirements. Emphasis appears to be placed upon the former.
 

Taking nbte of recent trends in performance of PbO 2/Pb batteries, it is possible
 

to anticipate improvements that might be expected over the next decade.
 

The energy efficiency of the battery should approach
 

75 percent, which, coupled with a power conditioning
 

subsystem efficiency in the range of 90 to 95 percent,
 

means that-ah overall system efficiency of 70 percent
 

should be obtained.
 

* 	 One recourse would be-to supply an "equalizing" charge at the close of each
 

week, when electrical demand :is low.
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TABLE 5.5. 	 SUMMARY OF TECHNICAL CHARACTERISTICS OF CANDIDATE BATTERY
 
CONCEPTS FOR IUS APPLICATION
 

3 	 (b)
Life, yr .
Round Trip Efficlincy, Percent
(a) Energy Density, Wh/m

Battery Subsystem Total System Battery Subsystem Total System Battery Subsystem 
Battery Concept High Low High Low High Low High Low High Low 

PbO 2/Pb 75 70 70 65 0.23 0.15 0.15 0.10 .7 5
 

Zn/Cl- 6H20 80 70 75 65 0.45 0.33 0.28 0.23 10 5
 

Li/MeS 	 82 72 76 67 0.37 0.33 0.25 0.23 5 2
 

Na/S 	 80 70 75 65 0.25 6.17 0.19 0.14 5 2
 

.(a) 	 Battery subsystem includes any necessary heatingi cooling, safety equipment, etc. (see text). Total
 
system includes volume requirements for the power conditi6ning subsystem estima-ed from efficiency.
 
"High" designates an optimistic value that may be achieved by 1985; "low", a realistic value arhiev
able today.
 

(b) Life extends until perforinance is unsatisfactory for the application. Life of power conditioning
 
equipment should be 20 years or more.
 



e 	 As mentioned earlier, there has been about a 50 percent 

increase in the energy density for electric vehicle 

batteries over recent years. If the same amount of im

provement is.-assumed for energy storage batteries, then

the equivalent energy density for the overall E/S system 

would be between 5.30 and 7.95 kWh/m
3 (0.15-0.23 kWh/ft3). 

The former value is given in Table 5.5 as a near-term
 

goal.
 

e A goal for many battery manufacturers is a 7 year life,
 

such that the batteries would only have to be replaced
 

twice during a 20 year period (as opposed to the pre

viously mentioned three times for state-of-the-art
 

batteries). To obtain a life in excess of 10 years for
 

PbO 2/Pb batteries, refurbishment or replacement of
 

electrode(s) and electrolyte would probably be necessary
 

for the type of duty cycle required of bulk energy
 

storage.
 

Zinc-Chlorine Hydrate Battery. Zinc-chlorine batteries which have been in exist

ence for some time, and have been proposed for some vehicular applications.
 
(5)There was some concern about the possible hazard posed by release of gaseous
 

chlorine in the event of battery container damage during a crash of the vehicle.
 

The Udylite- Company Energy Development Laboratory* overcame this potential
 

problem by hydrating the chlorine. This compound is a safe, easily handled 

solid at ambient temperatures. During cell operation it is allowed to decom

pose and release chlorine gas at the electrode surfaces to participate in the 

cell reactions. The drawback with the use of the chlorine hydrate is that 

there must be an external, refrigerated store and a means of circulating the 

hydrate between the cell stack and the store. This increases the complexiy of

the system and, in turn, somewhat decreases the effective system energy density.
 

EDA is actively pursuing this concept for energy storage applications, and
 

plans have been made(6) to include this battery concept for testing in the BEST
 

Facility.
 

ftNow associated with Energy Development Associates (EDA).
 

5.17
 

http:0.15-0.23


The overall cell reaction is:
 

Discharge
 
Zn + Cl2 Charge ZnCI2
 

The theoretical cell voltage for this reaction is 2.12 volts, (comparable to
 

PbO 2/Pb). During discharge, zinc is oxidized at the negative electrode, and
 

chlorine hydrate is reduced at the positive electrode. Since the oxidized zinc
 

is soluble in the zinc chloride electrolyte, a clean zinc surface is always
 

present while the active material remains. This contrasts to zinc electrodes
 

in alkaline electrolytes that become covered with a zinc hydroxide film.
 

During recharging, the zinc chloride formed on discharge reverts to zinc and
 

chlorine gas which is dissolved in the circulating electrolyte.
 

Very little data have been published about the construction and the performance
 

of zinc-chlorine hydrate batteries. Apparently, early versions used graphite
 

substrate for both electrodes, (i.e., zinc being deposited on the graphite to
 

form the negative electrode, and porous graphite being used for the positive).
 

There is reason to believe that the larger batteries for energy storage appli

cations would use noble metal-catalyzed titanium electrodes instead of graphite
 

(i.e., zinc being deposited on titanium foil to form the negative, and porous
 

titanium sheets being used for the positive). Although relatively expensive,
 

titanium is easier to fabricate and join than graphite, is lighter, and yields
 

smaller polarization losses at a given current density.
 

A distinctive feature of the zinc-chlorine hydrate battery is that damage does
 

not result from overcharging/overdiseharging. The latter refers to continued
 

discharge after all the zinc has been removed from the negatives which causes
 

the electrodes to reverse polarity and evolve chlorine. However, this chlorine
 

is reduced at the positive electrodes, and the net result is just a transfer
 

of chlorine between electrodes. During overcharging all of the zinc chloride
 

in the electrolyte would be converted to zinc metal and chlorine gas. Upon
 

further charging the electrodes would become appreciably polarized, and the
 

cell reaction would change to water electrolysis to yield hydrogen and oxygen.
 

However, no damage to the battery could result.
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For load-leveling applications, it has been recommended(6) that the zinc
 

electrodes be completely discharged, so that upon recharging a uniform deposit
 

is obtained. A common problem with zinc electrodes is "shape change", i.e.,
 

a redistribution of the active materials with cycling. Such a shape change,
 

and/or the deposition of dendritic zinc can cause cell shorting. Therefore,
 

careful attention must be paid to cell design and operating parameters, and
 

an electrolyte additive may be needed to suppress dendritic zinc growths during
 

recharging. The recommended operating parameters are a four hour charge/four
 

hour discharge duty cycle, with the battery operating at constant voltage
 

(i.e., approximating constant power). Time-series and time-parallel switching
 

of battery-modules(6) could enable any load profile to be accomodated.
 

The largest stationary system reported to date (9) is a 12.5 kW battery. Earlier
 

a 3 kW battery had been installed in a Chevrolet Vega automobile to demonstrate
 

its feasibility for an electric car. (7) Gould, Inc., in conjunction with the
 

battery developer, EDA, and with the support of EPRI(6 ) are focusing on sta

-tionary applications, with a goal of testing a 1 kWh (0.1 kW, 10 hr) cell for
 

load leveling in the near future.
 

Table 5.2 contains a summary of published technical information about the zinc

chlorine hydrate battery. These data do not include values for ampere-hour
 

or watt-hour efficiencies; however, data supplied by the.developers for the
 

type of preferred duty cycle described above indicate that the energy efficiency
 

could-be as high as 77 percent for small batteries. If the duty cycle is
 

changed to 8 hours charging/4 hours discharging a slight improvement in energy
 

-efficiency would be realized, and a value of 81 percent might be possible,
 

again based on a current density of 50 mA/cm 2 (-50 A/ft2 ) for the four hour
 

rate. Thus in Table 5.5 a value of 80 percent has been selected as the opti"
 

mistic value for the battery subsystem exhibiting some improvement in perfbr-:
 

mance; For a large capacity system, and with an electrical efficiency of 92
 

percent for the auxiliary equipment such as pumps and heat exchanger, a more;
 

realistic value for near-term applications might be 70 percent. Assuming the
 

efficiency of the power conditioning subsystem to be in the range of 90 to 95
 

percent, as used previously, the total system round-trip efficiency would then
 

lie in the range of'about 65 to 75 percent, as indicated in Table 5.5.
 

5.19
 



The battery developers (9 ) have estimated the energy density of a 12.5 kW, 50
 

kWh battery for stationary applications to be about 175 kWh/m3 (50 kWh/ft3).
 

However, when scaled up into battery subsystems suitable for the IUS applica

tion, without design optimization, the energy density could be as low as
 

17.5 kWh/m3 (0.5 kWh/ft 3). With the larger battery subsystems it is antici

pated that there would not be a separate electrolyte store, chlorine hydrate
 

store and sump, and other auxiliary equipment for each battery module. Instead
 

one centralized facility would serve the entire battery array; hence the over

all energy density rating should be improved. However, data presented in
 

Reference 4 indicate that for a 10 MWh (I MW) battery floor area roughly be
2
tween 186 and 260 m (2000-2800 ft2) could be required. Assuming a ceiling
 

height of 4.6 m (15 ft) the energy density will fall in the range of 8.5 to
 

11.7 kWh/m3 (0.24-0.33 kWh/ft3). Some of the auxiliary equipment could be
 
situated outside the structure for the battery cell stacks, and the control
 

and safety equipment. This would reduce the volume requirements for the struc

ture, but probably would not affect the floor area required. Thus an improve

ment in energy density would be expected to result possibly in values in the
 
3
range of 11.7 to 15.9 kh/m (0.33-0.45 kWh/ft3). In Table 5.5, therefore, 

a high value for the energy density would probably be in the range of 15.9 

and 17.7 kWh/m 3 (0.45-0.50 kWh/ft 3) and the former value has been selected as
 

a goal for attainment by 1985. A battery subsystem built now would probably
 

have an energy density in the iange of 8.5-11.7 kWh/m
3 (0.24 -0.33 kWh/ft3)
 

and the latter value has been selected for this study.
 

The energy density of the total storage system will be lower than the above
 

values because of the volume requirements of.the power conditioning subsystem.
 

This volume requirement is assumed to be the same for al-I the battery types con

sidered in this characterization, because the electrical specifications are
 

similar for a given IUS application. It is assumed that the power conditioning

3
subsystem vplume requirement is 396 m (14,000 ft3)- therefore, the total system
 

3 3 
energy density should fall in the range of 8.0 to 9.9 kWh/m3 .(0.23-0.27 kWh~ft 3 ) 

as shown in Table. 5.5. 
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Results of cycling tests with large battery assemblies have not been published. 

Reported goals for the zinc-chlorine hydrate battery include cycle life of 

2500 cycles (equivalent to 250, cycles per year for 10 years). Thus, 16 years
 

has been given as the optimistic value for life in Table 5.5. Because this is
 

a battery type which operates at ambient temperature and the cell -reactions do
 

not involve solid state phase changes, the prognosis for aehieving a relatively
 

long cycle life is good, provided catalyst activity and electrolyte solution
 

purity is maintained. For the near term, a life of 5 years has been assigned 

to this system as was done for PbO 2/Pb concept. 

Lithium-Metal Sulfide Battery. There are many variations of the lithium

chalcogen battery some of which have been indicated in Table 5.2. Of these
 

types, the batteries being developed for stationary E/S applications have 

lithium alloy negative electrodes; metal sulfide positive electrodes, and
 

lithium chloride-potassium chloride eutectic electrolyte. Because these types 

of cells operate at about 673 K (750 F), ceramics such as boron nitride, 

aluminum nitride, beryllium oxide, or aluminum oxide are necessary'as cell
 

separators. Lithium-metal sulfide batteries are being-developed primarily by
 

Argonne National Laboratory (ANL) and Atomics International (AI). The ANL 

cell design incorporates a lithium-aluminum alloy anode and a ferrous or ferric 
sulfide cathode, with or without the addition of other metal sulfides. Flexible 

boron nitride cloth (sometimes in conjunction with zirconia) is used as a 

separator (6) in the laboratory demonstration cells. The AI cell design cur

rently incorporates a lithium-silicon alloy anode, and a mixed ferrous/ferric 

sulfide cathode. According to Reference 6 the separator is rigid and comprises 

BeO and Al 20 while the cathode current collector is carbon felt. 

Most development work has centered around the use of iron sulfides as the 

cathode active material because of their availability and relatively low cost. 

Simplified cell reactions can be written as follows: 

Reaction EL - Volts 

2Li + S >Li2S--- 2.17 

2Li + FeS2---> Li2S,+ FeS 1.95 

2Li + FeS ----Li2S + Fe 1.64 
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where EL is the cell voltage measured against a lithium reference electrode.
 

The three reactions show that as the sulfur is "diluted" with iron the cell 

voltage diminishes. The 50 percent aluminum alloyed with the lithium in the
 

ANL cell to reduce its corrosiveness does not contribute to the cell reactions,
 

but does lower the cell voltage by about 300 mV; however, for simplicity these
 

effects havebeen neglected. The use of a metal-sulfide in place of sulfur
 

alleviates corrosion problems. Although this approach has a detrimental effect
 

on efficiency, energy density, and power density, and hence cost, the longer
 

cell life is a desirable gain in the tradeoff. The energy efficiency and
 

utilization factor for both (FeS2 and FeS) sulfide cathodes are similar; how

ever, FeS2 yields a higher cell voltage during the initial portion of discharge
 

and has a 20-25 percent higher specific energy than FeS as a cathode material.
 

The more reactive FeS2 does require use of an inert current collector material
 

such as molybdenum, tungsten or carbon felt, which is expensive. With elec

trodes containing FeS, an inexpensive material such as iron can be used as the 

current collector. The lower cost, and greater availability/fabricability of
 

iron for current collectors has caused emphasis to be shifted towards the use
 

of FeS as a cathode for energy storage batteries (I0 ) . However, there is a
 

problem with excessive volume expansion when FeS electrodes are cycled( 6 ) 

that must be resolved before this type of electrode can be fully exploited. 

The Li-Si alloy used as an anode by AI is a relatively new development that has 

recently been reported in the literature ( . Advantages over lithium or Li-Al 

alloy electrode materials are claimed to be a reduced rate of self-discharge
 

and corrosion during cell operation. In terms of- ampere hours per gram, the
 

capacity of these electrodes is also greater, and the voltage loss due to 

alloying is significantly smaller. An 100 Wh prototype cel has been built by 

AI, incorporating the Li-Si anode material. This cell was cycled 80 times over 

a period of 2-5 months. The results were promising, and plans call for building 

a larger cell followed by eventually scaling up to about 1 kW (2-5 kWh).-

The coulombic -efficiency of Li/MeS batteries can approach 100 percent; thus, 

the watt hour efficiency can be high. Laboratory scale cells have been operating 

with energy efficiencies between 74 and 80 percent, according to data supplied 

ANL ( 1 3 ) by ANL(12). Predictions have Veen -made by that a nominal 1 IOT (10 MWh) 
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energy storage battery subsystem could achieve an efficiency of 80 percent for
 

a five hour charge period, and 85 percent for a seven hour charge period, .both
 

on a daily duty cycle. For a similar 5 hour charge, 10 hour discharge duty
 

cycle, and a similar cell construction, AI reports watt-hour efficiencies in
 

the range of 70 to about 84 percent. Efficiency data have yet to be presented 

for cells incorporating Li-Si alloy anodes. Combining the ANL and AI data it
 

is.projected that near-term Li/MeS battery subsystems; operating at a current
 

density below 100 A/cm , will have an energy efficiency of about 72 percent. 

However, by 1985 efficiencies as high as 82 percent may be obtained. These 
estimates are incorporated in Table 5.5. As before, if the power conditioning
 

subsystem efficiency is between 90 and 95 percent .over this time frame, then
 

total energy storage system efficiencies will be in the range of 67 to 76
 

percent.
 

In Table 5.2 the estimatid energy density for small laboratory cells could be 

as high as 488 kWh/m3 (13.8 kWh/ft3 ). It is unreasonable to expect that in 

scaling up laboratory cells by many orders of magnitude into an energy storage 

battery such an energy density could be achieved. Preliminary design studies 

for (1 MW, 10 MWh) load leveling batteries made for the BEST Facility Project 

Team( 1 3 1 4 ) , give calculated values of about 148 kWh/m3 (4.2 kWh/ft 3 ) for ANL 

battery modules, and 198 kWh/m3 (5.6 kWh/ift3) for AI module designs. When 

these battery modules, are incorporated into a battery storage subsystem, 

allowing space for access, controls, battery replacement, ventilation and
 

safety equipment, the energy density is significantly reduced For the
 

.subsystem 	 the energy density for both designs will fall in the range of 8.1 to 
3 312.4 kWh/n (0.23-0.35 kWh/ft ) depending on the ceiling height assumed. A 

smaller floor area is required by the.ANL battery, but the ceiling height 

requirement is greater for the overhead removal of failed groups of cells which 

are stacked vertically in the referenced design. (14) 

An estimateof the energy density of a battery subsystem suitable for IUS 

applications, based upon available data,'is 11.8 kWh/m3 (0.33 kWh/ft 3) the
 

value given in Table 5.5.
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Over the next decade subsystem design optimization and improvement in cell
 

performance are expected. For example, use of a Li-Si alloy anode should
 
(11)
result in a higher average cell operating voltage, say 1.62 versus 1.50
 

volts for cells incorporating a Li-Al alloy anode, and operating at about 50
 

mA/cm2 (46 A/ft2). Coulombic efficiency is expected to be maintained close to
 

100 percent; therefore, an increase in energy of about 8 percent can be assumed. 

The use of Li-Si alloy anode also is expected to increase the gravimetric
 

coulombic density (Ah/kg) of a cell by about 25 percent (1 ) , and hence the 

volumetric coulombic density (Ah/m 3 ) of a cell by about 4 percent. Thus, by 

incorporating just these improvements it is projected that an energy density 

of 13.1 kWh/m3 (0.37 kWh/ft 3) would be achieved in the near future.
 

For the total energy storage system, making allowances for the power condition

ing subsystem, as described previously, the energy density will be about 8.1 

kWh/m3 (0.23 kWh/ft3). With improvements in design and performance a value of 

8.8 kWh/m 3 (0.25 kWh/ft 3 ) could be achieved. These estimates are also included 

in Table 55. 

Cycle life data for energy storage batteries, or even groups of cells, need to 

be established for the lithium-metal sulfide concept. As mentioned earlier, 

the high temperature of operation, and the corrosive nature of the active 

electrode materials, do not favor long operating life. To date, over 80 cycles 

( 2000 hours of operation) have been obtained with sealed lithium-metal sulfide 

experimental units (1112) . Depending on the length of the discharge in the 

duty cycle (5 or 10 hours) it should be possible to attain a life between 1 and 

2 years in the first generation of batteries. The design goal is about 1500 

cycles or 5 to 6 years of continuous operation( 1 2 ). Thus the low value for the 

life in Table 5.5 is given as 2 years and the high value as 5 years. As 

operating experience is gained with batteries of this type, the above figures 

can be modified accordingly.
 

Sodium-Sulfur Battery. There are two variations of sodium-sulfur batteries.
 

Both contain a molten sodium negative electrode and a molten sulfur -positive
 

electrode. However, the Ford, General Electric and TRW Cells have a solid
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beta-alumina electrolyte permeable to sodium ions, while the Dow cell uses
 

hollow glass tubes as the solid electrolyte. The literature(15 ,16) indicates
 

that GE and TRW efforts are directed toward stationary batteries for energy
 

*storage applications. However, in Table.5.2 the data are averaged for all
 

manufacturers. Specific technical data for the GE and TRW concepts will be 

'-given below. 

The Na/S cell functions at elevated temperatures in the range of 558 to 673 K
 

(285-400 F).. The sodium-ion conducting solid electrolyte is used to allow the
 

cell reactions"to occur at a controlled rate, while at the same time preventing
 

electronic shortingof the cell. Current collectors are presently made from 

graphite; but., less expensive materials (e.g.,- other forms of carbon) need to
 

be developed.
 

The cell reaction is represented by:
 

gharge
 
2Na + 3S d hrge Na2 S3
 

During discharge the'elemental sodium is ionized at the solid electrolyte'inter

face, and the'sodium ions migrate into the sulfur compartment. A reaction
 

occurs on this side of the electrolyte to form polysulfide ions, which are
 

subsequently discharged to complete the electron flow. The open circuit
 

voltage of a charged cell is about 2.08 volts, while at 100 percent discharge
 

the open circuit voltage is about 1.80 volts. The cell operating voltage is
 

approximately proportional to the cell current, which is typical of cells
 

operating over this temperature range.
 

Compared with many other battery systems, sodium-sulfur batteries do not suffer
 
(19)


from secondary reactions which affect capacity retention and efficiency
 

This is advantageous, because charged cells may be stored for extensive periods
 

of time at elevated temperatures. However, along with other battery types
 

which exhibit this characteristic, one consequence is that when cells are
 

connected in series to form batteries, because the current is common to all
 

cells, the cell with the smallest capacity will reach the end of discharge
 

first. The internal resistance of this cell increases and the discharge
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efficiency decreases as Na2S 3 is formed, with the result that considerable
 

internal heating occurs, and less power is delivered to the load. Permanent
 

damage can result from the overheating. A similar phenomenum can also occur on
 

charging; hence, it is extremely important that cells are matched as closely as
 

possible (in terms of capacity and end of charge or discharge voltage) when
 

assembling the batteries. A discussion of the effects of cell mismatch is
 

given in Reference 16.
 

The two approaches to cell design are exemplified by the TRW and GE batteries. 

The TRW cell incorporates a flat ceramic plate (disc) beta-alumina electrolyte. 

Individual cells are completely contained, and stacked to form battery modules. 

The GE cell incorporates a tubular beta-alumina electrolyte, flanged at one 

end, and closed at the other. A small GE battery consists of many of these 

sodium-filled tubes immersed in a common vessel containing the sulfur, and 

graphite current collector.
 

'There are advantages and disadvantages with the use of both forms of electro

'17 "
lyte geometry(E 1S)• Tubular designs reduce the length of seal required,
 

and remove the seal from the hot zone. Planar designs may be better suited for
 

mass produced cells, and minimizing cell volume. However, the poor mechanical
 

strength of the ceramic electrolyte and the longer seal requirement limits the
 

size of the cell at the present time. In Reference 17 it was concluded that
 

the planar cell design was best suited for low capacity, high rate applica

tions; while the tubular cell design was best suited for high capacity, low
 

rate applications. It remains to be seen on this basis whether the GE design
 

is more suitable for load-leveling applications, and the TRW design for peak

ing applications.
 

Another materials problem to be resolved is the selection of the type of beta

alumina for use in the cells. Besides beta there 'exist beta prime (W') and
 

beta double prime ( 8") modifications. (6) TRW is also using a MgO-doped
 

The final choice will depend on the fabrication
a-alumina in its cell design. 


procedure selected, the desired sintering temperature, the degree of sensi

tivity to water which can be tolerated, life, mechanical properties, and
 

electrical properties desired. The GE cell is reported (6) to be using a 

S-alumina electrolytfe.

5.26 



table 5.2 shows that the highest reported watt-hour efficiency for laboratory
 

scale cells is about 90 percent. Data repor!ed by TRW and GE indicate that the
 

high Value may be 82 percent for these types of cells incorporating desirable
 

materials and methods of construction. At the BEST Facility Workshop in 1975,
 

manufacturers indicated that small (kW size) batterie's built to date have shown 

energy efficiencies up to 79 percent. A realistic near-term goal is thus 

considered to be 80 percent-at practical current densities, and for a daily 

duty cycle of 10 hours discharge, and 5 to 7 hours charge. During overcharge 

and overdischarge, as with other battery types, the energy efficiency decreases. 

Also, if the ceramic electrolyte ages, i.e., its resistivity increases with 

time, the round trip battery (energy) efficiency will decrease. The low value 

for the energy efficiency, will probably be similar to the other battery types 

discussed, namely about 70 percent. 

,The efficiency-is also a function of the design power capability and the
 

operating power level. For example, with the GE module design (1 5) , at the
 

design efficiency of 82 percent no auxiliary power is needed to maintain cell
 

temperatures within the desired range under prescribed operating conditions.
 

However, if the battery operates at lower than its design capacity, the effi

diency value observed is reduced because of the need for auxiliary, heating to 

maintain cell temperature (heating due to resistive losses is inadequate).
 

Thus, for the same duty cycle, at 50 percent of the design power output the
 

efficiency would fall from82 to 79 percent, and not increase to about 91
 

percent as expected if thermal effects are ignored. This relationship between
 

electrical efficiency and thermal requirements must be taken into account for
 

all battery systems operating at elevated temperatures.
 

With power conditioning subsystem efficiencies in the range of 90 to 95 percent,
 

the total system round-trip efficiency is calculated to fall in te range of
 

65 to 75 percent, which is similar to the range for the zinc-chlorine hydrate
 

and lithium-metal sulfide battery systems shown in Table 5.5.
 

Preliminary design data (15 16) for battery modules which would comprise the
 

.storage part of the battery subsystem, indicate that the energy density for 

GE batteries would be about 88 kWh/m3 (2.49 kwh/ft3) for a I MW, 10 MWh system. 
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On the same basis TRW batteries would exhibit an energy density of about 87 

kWh/m3 (2.46 kWh/ft3). These values may be compared with an average value of 

335 kWh/m3 (9.5 kWh/ft3 ) which has been reported for small laboratory cells 

(Table 5.2).
 

When considering the whole battery subsystem an energy density of about 87.5
 

kWh/m 3 (2.47 kWh/ft 3 ) is not likely to be obtained for reasons explained 

earlier. Subsystem descriptions given in Reference 4 indicate that the TRW
 

system will incorporate an extensive ducting and heat exchange system to keep 

the cells continuously under a blanket of nitrogen, which also serves as the 

heat transfer medium. On the other hand, plans for the GE subsystem indicate
 

that natural convection will be utilized to cool the individual small batteries, 

and these will be spaced further apart than the TRW cell stacks. Assuming a 

ceiling height of 4.6 m (15 ft) the energy density of the GE battery subsystem 

is calculated to be about 6.00 kWh/m3 (0.17 kWh/ft3) while that of the TRW 

system is calculated to be about 5.55 kWh/m3 (0.16 kWh/ft 3), with the average 

being about 5.77 kWh/m 3 (0.164 kWh/ft3). In Table 5.5 a value of 5.98 kWh/m3 

(0.17 kWh/ft3) has been selected for the low value for the energy density.
 

Based on the achieved performance with single laboratory cells, and the analogy 

with the lithium-metal sulfide battery subsystems, the high energy density 

which could be achieved within the next decade is estimated to be 8.83 kWh/m 3 

(0.25 kWh/ft3. 

With the same assumptions for the power conditioning subsystem volume require

ments as before, the total system is expected to exhibit energy densities with

in the range of 4.94 to 6.70 kWh/m3 (0.14-0.19 kWh/ft.), the lower value being
 

based on present day technology. 

The life of large capacity sodium-sulfur batteries has yet to be established.
 

Although Table 5.3 indicates that greater than 200 cycles at about a 50 percent 

depth of discharge can be obtained with small cells, realistic values for 

batteries are harder to establish. One prediction is that a life of 2 to 4 
(20) (21)
0
 years (500 to 1000 cycles) should be attainable . Ford has attained
 

over 2000 cycles on some single cells at limited depths of discharge, but with
 

an accompanying steady decrease in capacity attributed to the build up of
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corrosion products. When metallic impurities are not present in the cells (22), 

this decrease is not observed. In view of the lack of data, a conservative 

estimate has been made in Table 5.5 of 2 years for the low value, and 5 years 

for the high value. Initial battery installations are expected to exhibit the 

lower values, unless the problems with corrosion and failure of the electrolyte 

materials can be resolved. 

Cost Characteristics. Battery installations have not been built in size
 

comparable to the requirements of an IUS. Until the various problems with each
 

battery concept can be resolved, it will not be possible to finalize the cell
 

and battery specifications for materials and performance. Without such detailed
 

specifications it would be impossible to.arrive at accurate costs for materials
 

and fabrication. In-this- section data from available published literature, and
 

discussions with manufactureres and other interested parties have been used to
 

derive cost estimates applicable to the IUS. Emphasis. has been placed upon 

using existing cell designs, battery designs, and available materials/equipment 

because of the interest in near term (1975-1985) implementation. The cost data 

in many cases are higher than would be predicted on a long-term- development 

program. Some of the cost data summarized earlier i1 Table 5.2 reflect these 

optimistic estimates which cause the apparent wide variation among the different 

battery concepts. 

Power Conditioning Subsystem. To meet the requirements for the IUS the elec

trical performance specifications for the power conditioning subsystem should 

be similar for each of the alternative battery concepts. 

In Reference 1 the anticipated range of capital cost is given as 72 to 80 $/kW,
 

with the former value assigned to equipment which may be available before 1985,
 

while the latter applied to equipment ordered today. More recent data(23)
 

have substantiated these estimates. For near-term applications, e.g., the
 

installation of a PbO 2 /Pb storage system, the costs have been estimated at 70
 

to 80 $/kW; while, for the long term, e.g., the use of Na/S or Li-/MeS batteries,
 

the costs.have been estimated at 60 to 70 $/kW. Reference 6 is less specific
 

about the discussion of capttal-costs; but, it indicates that power-related
 

capital costs, which would-include those for power conditioning, would lie in
 

the range of 50 to 10O.$/kW.
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For the present study, a value of 80 $/kW has been assigned for systems in

stalled before 1980 (i.e., the PbO 2/Pb or the Zn/Cl2.6H20 battery concepts).
 

For systems installed later in 1980-1985 (e.g., Na/S or Li/MeS battery con

cepts) the cost may decrease to about 70 $/k (1975 dollars).
 

Lead-Acid Battery. The various types of lead dioxide-lead batteries are
 

manufactured by mass-production techniques today, and realistic cost data
 

are available which can serve as a guide for projecting the cost of an IUS
 

storage battery.
 

Small capacity PbO /Pb batteries such as used in automobiles, may cost between
 

20 and 30 $Wh (24 The larger, heavy duty traction batteries cost in the
.
 

range of 48 to 80 $/kWh. Large submarine batteries are expected to cost
 

between 50 and 150 $/kWh, depending on size (6). The range of 50 to 80 S/kWh
 

for conventional PbO 2/Pb batteries is believed to be realistic for scaling up
 

to the size for an IUS application. For early installations the higher value
 

should be selected, as shown in Table 5.6. At a value of 35 wh/kg (15 wh/lb)
 

as given in Table 5.2, the above cost range would Ve equivalent to a battery
 

manufacturing cost of between 1.38 and 2.20 $/kg which is typical of present
 

day manufacturing costs.
 

If a PbO2 /Pb installation was specifically designed and manufactured for a
 

load-leveling or peaking application, some economies should result, and the
 

storage-related capital cost could be' smaller. References 3 and 24 summarize 

the performance and cost objectives for such an "improved" PbO 2/Pb battery. 

The latter reference predicts that battery material costs can be reduced by a
 

factor of 2.5, while battery costs can be reduced by a factor of 1.5 to 2. It
 

was assumed that 5 1W, 50 kwh cells could be built within an envelope of 0.61 x
 

0.61 x 2.1 x weighing about 905 kg (1991 ib), and costing about 10 $/kW for 

materials for each cell. Since the cost of a battery is typically about twice 

the materials cost, such a battery might cost about 20 $/kWh. Other estimates 

have not been- as optimistic and have'ranged from 30 to 40 $/kWh. 
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TABLE 5.6. 	 SUMMARY OF CAPITAL COST CHARACTERISTICS OF
 
CANDIDATE BATTERY CONCEPTS FOR IUS APPLICATIONS
 

Storage Related Balance of Installation and Power Conditioning 
Capital Cost, Plant Cost, Start-up Cost, Subsystem Cost, 

S/kWh $/kW S/kWh $/kW 
Battery Concept High Low High Low High Low High Low 

Pb02 /Pb 	 80 40 35 25 15 12 80 -

Zn/CI2 "6H20 40 20 35 25 15 12 80 

Li/MeS 	 48 32 10 5 10 5 80 70 

Va/S 	 48 26 10 5 10 5 80 70 

Note: 	"High" values refer to projected costs if installation were'.to occur within the next five
 
years. "Low" values refer to projected costs if installati6n were to occur between 1980
 
and 1985 (1975 dollars).
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If it is assumed that large scale manufacture of improved batteries brings the 

cost down to 1.10 $/kg, then from the battery design weight given in Reference 

3 a value of 40 $/kWh may be calculated. Similarly, if the energy density of
 

improved PbO2/Pb batteries is increased to 55 Wh/kg then at $1.10/kg a value of
 

40 S/kWh may also be calculated. Some prototype batteries today (25) already
 

have energy densities in the range of 44-50 Wh/kg; therefore, with a substan

tial R&D effort it may be possible to achieve 55 Wh/kg within the next decade.
 

Thus, a more conservative, more easily justified capital cost estimate for
 

improved PbO 2/Pb batteries could be 40 $/kWh and this value has been included
 

in Table 5.6. In the long-term, beyond 1985, the cost could be further re

duced, and values as low as 25 to 35 $/kWh might be achieved.
 

The balance of plant referred to in Table 5.6 include such items as the venti

lation, safety and control equipment, the buswork, and heat exchanger devices,
 

where applicable. For the PbO 2/Pb battery concept this capital cost item is
 

expected to amount to 25 to 35 $/kW for the near term. 

The installation and start-up costs can only be estimated from the commissioning
 

of other electricity generating equipment at the present time.(23) For battery
 

systems of a size suitable for the IUS application these costs are expected to
 

be between 12 and 15 $/kWh for a large total installed capacity. For simple
 

systems or demonstration systems these costs could be higher, and amount to as
 

much as 30 $/kWh. (23)
 

When this battery concept is mass produced and
Zinc-Chlorine Hydrate Battery. 


materials produced in bulk, the developers 
(9) predict that the energy storage
 

related capital cost will lie between 10 and 20 $/kWh. This is a 10- to 20

fold reduction over the present reported costs for prototype batteries (Table
 

5.2) of up to 50 Wh capacity. Another estimate(26 ) has been 25 to 30 $/kWh
 

for mass produced batteries.
 

Details of the construction and materials incorporated in the Zn/Cl2"6H20
 

battery have not been published; but, in certain aspects this battery is 

zinc-air battery with flowing electrolytes. Typical manufacturing
similar to the 
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costs for zinc-air batteries are 3.30 to 7.27 $/kg. Table 5.2 gives an average
 

value of 110 Wh/kg for the energy density of Zn/Cl2"6H 20 batteries. From these'
 

data a manufacturing cost of between 30 and 66 $/kWh can be derived as a rough
 

estimate. 

Considering all the above estimates, it is anticipated that the first genera

tion of Zn/Cl 2.6H 20 batteries will cost about 40 $/kT~h; but, there is good 

indication that within the next decade the cost could fall to about 20 $/kWh, 

as shown in Table 5.6. The balance of-plant costs shown are expected to be
 

similar to those of the PbO 2/Pb battery, which also operates at near ambient
 

temperatures. While less safety and ventilation equipment .may be required with
 

the Zn/Cl 6H 0 battery (because only the cell stacks need to be located ina
 
J)2


building( ), the amount of auxiliary equipment is extensive for this battery
 

type. Therefore, in Table 5.6 a similar range of costs is given as for the
 

PbO2 /Pb battery.
 

Installation and start-up cost data are'not available. Start-up is anticipated
 

to be a little more complex than for the PbO 2/Pb battery because of the need to
 

initiate the refrigeration cycle for the chlorine hydrate; but, installation
 

cost is expected to be less. Overall, the total installation and start-up cost
 

for a Zn/Cl 2 "6H20 battery subsystem may be similar to that for the PbO2 /Pb sub

system, namely 12 to 15 $/kWh.
 

Lithium-Metal Sulfide Battery. This battery type is still being developed, and 

several possible designs exist; utilizing many types of materials. Although 

final design and materials specifications have not been chosen, one manufacturer 

has published preliminary cost data ( 1 2) based upon present state of the art. 

These data, summarized in Reference 5, show that laboratory scale cells cur

rently cost about 2130 $/kWh; but, the projection for cells produced on a pilot 

plant scale is about 130 $/kWh, based upon materials costs. Only when the 

cells are mass produced is the cost expected to fall to about 16 $/kWh. In 

comparison, various cost goals published for this battery have been between 12
 

and 25 $/kWh, the higher cost being associated with a longer life battery.
 

Using as a guideline the fabrication cost scale-up factor of 2 to 3 times,
 

which is common practice in the PbO 2 /Pb battery industry, and the lowest
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estimated materials cost of about 16 S/kWh, the cell costs will fall in the
 

range of 32 to 48 $/kWh. Battery costs are likely to be closest to the 48
 

$/k1h value. From the above estimates, considerable effort will be required 

before the cost goals can be approached for this battery.
 

Other estimates 6f battery costs can be made from published data. Reference 27
 

gives a value of 5.63 $/kg for Li/MeS batteries, while Reference 28 gives 6.60
 

$/kg. The average is 6.12 $/kg (2.78 $/lb). In Table 5.2 the energy density
 

is given as 147 Wh/kg for single cell data, while data in References 13 and 14
 

for (1 MW, 10 MWh) design projections yield values of about 127 .Wh/kg for the 

AI battery and 119 Wh/kg for the ANL battery. The average value is 130 Wh/kg, 

hence the energy storage cost is calculated to be 47 $/kWh. 

Based upon this estimate, and the other estimates generated above, it is
 

concluded that if Li/MeS batteries are produced in relatively large quantities
 

then over the next decade the storage related capital cost will not be below 32 

$/kWh, and will approach about 48 S/kWh for the first installations.
 

The balance of plant costs for the high-temperature batteries are expected to 

be less thanfor the two low operating temperature alternatives previously dis

cussed. There will be a need for a ventilation/heat exchanger/fire control 

system, and a safety and data acquisition system as before, but there is no 

electrolyte to recirculate, heat, 9oo1, or filter. Temperature control of the 

operating Li/MeS cells will be easier, and if the cells are insulated for
 

safety reasons, then some or all of the heat generated during cycling can be 

used to maintain the cells at temperature. The heat exchanger may be most 

severely loaded if and when it is used to bring the batteries up to temperature 

after initial installation, or after repairs/replacements. In Table 5.6, 

therefore, a range of 5 to 10 $/kW has been given the balance of plant cost. 

The high temperature batteries are expected to be delivered in the form of 

prewired and engineered modules, atd connecting the various modules together
 

should be relatively easy. Hence the installation cost is expected to be less
 

than for the PbO 2/Pb and Zn/Cl26H20 batteries. Although the cell stacks in
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the Zn/C12'6H20 will be in modular form, the'balance of plant is expected to
 

take longer to install, and start-up is expected to be more complex. Thus
 

installation and start-up costs for U/MeS battery types are expected to total
 

about 10 to 15. S/kWh.
 

Sodium-Sulfur Battery. Preliminary cost estimates have been presented by GE 

for cell materials and fabrication( 6 ' 2 9 At the present time, prototype 

cells cost about 16,683 $/kWh to fabricate, including a materials cost of about 

1683 $,/kWh. The stated objective(6) is a materials cost of 1.24 $/kWh, and 

a battery module cost o 6.74 $/kWh. However, the current collector being used 

today is graphite felt, which at 156 $/kg is equivalent to approximately 10 
S~(6). 

$/kWh 6 There is no strong indication that this cost will be significantly 

decreased, and presently no inexpensive, noncarbon alternative has been iden

tified. Some battery developers are looking at reticulated vitreous carbon as 

a current collector, and this is expected to cost about half as much as graphite 

felt on a $/kWh basis. Others are looking at carbon powders; Nevertheless, 

there is serious concern as to the achievement of projected low cell costs in 

the near future. With this thought in mind, Reference 29 quotes a cost pro

jection of 12 to 18 $/kWh for the cells. TRW projects (30) that costs will be 

above 10 $/kWh for their cells.
 

Table 5.2 suggests that the manufacturing cost of Na/S cells is $2.20/kg or 

greater. Battery module designs prepared for possible evaluation in the BEST 

Facility indicate that there will be between 5.9 and 7.3 kg/kWh. On this basis 

the minimum cost of manufactured cells will be in the range of 13 to 16 $/kWh. 

Less optimistically, Reference 31 cites manufacturing costs of between 4.40 

and 6.60 $/kg for the Ford Na/S cells assembled into small-batteries. Therefore, 

the cost of load-leveling or peaking batteries is not expected to be below 26 

$/kWh and could be as high as 48 $/kWh. These values are more in line with 

cost data estimates presented in Reference 17 for'Na/S traction batteries. At 

an energy to power ratio of 1, costs (in 1973 dollars) were expected to range 

from'42 to 70 $/kWh. At an energy to power ratio of 3 these costs ranged from 

30 to 70 $/kWh for a discharge efficiency in excess of 80 percent. Values of 

26 and 48 S/klh have been chosen as the "low" and "high" values for the storage. 

related capital costs given in Table 5.6. 
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As mentioned earlier, the balance of plant costs are thought to be similar to
 

those for the Li/MeS battery installation, namely 5 to 10 $/kWh. The installa

tion costs of the Na/S battery modules are also thought to be similar to the.
 

,estimate made for the Li/MeS battery subsystem, i.e., 5 to Pf $/kWh of in

stalled capacity.
 

Miscellaneous Costs. Other cost characteristics of interest are (1) the
 

operating and maintenance costs, (2) the net replacement capital costs, (3) the
 

salvage values, and (4) any credits which arise from operations. Because these
 

battery energy storage concepts have yet to be built, the values shown in
 

Table 5.7 represent very rough estimates assembled for this study.
 

Operating and Maintenance-(O&M) Costs. The maintenance requirements for the
 

PbO 2 /Ph and the Zn/C12.6H20 battery systems are expected to moderate; while,
 

the requirements for the Na/S and Li/MeS battery systems are expected to be
 

low. The O&M costs for the latterbattery concepts have been often quoted in
 

the range of 0.5 to 1.0 mill/kWh by utility companies,(32 '33) and by battery
 

manufacturers (3,6)' The higher value is taken as representative of 1975
 

costs, as indicated in Table 5.7. For the PbO 2/Pb and Zn/CI2.6H20 battery
 

systems, whose maintenance will be required more frequently because of the
 

nature of the battery chemistry and complexity of the systems, the 0&M costs will
 

be higher. A value of 3 mill/kWh has been assigned to the PbO 2/Pb battery
 

system, and a value of 2 mill/kWh to theZn/Cl26H20 battery system.
 

Net Replacement Capital Costs. The estimated trends in battery related capital
 

costs (1975 dollars) is shown in Figure 5.2. Using the curves presented in
 

this figure, and the estimated life of the batteries shown in Table 5.6, a
 

replacement capital cost schedule is presented in Table 5.8. By the year 1995
 

it is anticipated that there will be only relatively small decreases in the
 

cost of a given battery, but performance and life will be considerably im

proved.
 

Salvage Values. Salvage costs for -the PbO2 /Pb batteries are expected to be 

between 10 and 20 $/kh of installed capacity. The difference between 

the salvage'value and the replacement costs reflect refabrication, materials,
 

separation and purification, and wastage (both as part of the refabrication
 

-procedure, and due to non-reusable materials).
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TABLE 5.7. SUMMARY OF OTHER COST CHARACTERISTICS OF
 
CANDIDATE BATTERY 


Battery 

Concept 


Pb0 2/Pb 


Zn/C12-6H20 


Li/MeS 


Na/S 


0&M Cost 

S/kWh 


0.003 


0.002 


0.001 


0.001 


CONCEPTS FOR IUS APPLICATION
 

First 
Replacement 

Capital Cost 


$/kWh 


56 


29 


44 


43 


Salvage
 
Value
 
$/kWh
 

10-20
 

15-30
 

10
 

5
 

Note: Additional replacement capital costs are summarized
 
in Table 5.8, and the schedule shown in Figure 5 2.
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TABLE 5.8. ESTIMATED BATTERY REPLACEMENT COSTS-AND SCHEDULE
 

Battery 
Concept 0 1 2 3 4 

-

5 6 
Years After Installation 
7 8 9 10 11 12 13 14. 15 16 17 18 19 20 

Pb0 2/Pb 80 56 40 34 

Zn/CI2"6H 20 40 29 20 15 

Li/beS 48 44 - 39 32 28 26 

Na/S 48 -43 36 26 19 16 

NOTES: 	 1975 is assumed to be the date of the original installation. The power 
conditioning subsystem is'expected to have a life of 20 years or more. 
Costs, in 1975 dollars, expressed as $/kwh. Installation costs and 
salvage values not included. 
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For Zn/C12 "6H.0 batteries most of the salvage value is thought to reside in the
 

titanium and the noble metal catalysts, if these are incorporated into mass
 

produced cells. A value of 15 to 30 $/kWh has been assigned to this battery
 

subsystem.
 

The salvage values for the .high operating temperature batteries are considered
 

'to be smaller than the above, and even neglible 'in the case of-Na/S batteries.. 

For such batteries the materials of.construction are readily available, and 

relatively inexpensive. It is not certain whether the ceramic electrolyte 

-material can be reclaimed. ' Thus, only the feedthroughs and cell containers 

along with module structures and controls will probably be reused. A value of
 
'
5 S/kWh therefore, has been assigned for Na/S batteries in Table 5.7. Similar 

comments can be applied to the Li/MeS battery subsystems. However, depending 

on the economic climate at the time, it may be desirable to recover and purify 

the lithium and the metal sulfides, as well as the cell containers and feed-, 

-throughs.An arbitrary value of 10 $/kWn has been assigned to this battery
 

type. It should be remembered that, at the present time-, corrosion of the cell 

containers and of the positive electrode current collectors is a serious pro

blem which results in contamination of the electrode materials and the electro

lyte. In practice, therefore, if corrosionproblems cannot be resolved, then 

it may be economically impractical to try and purify these- contaminated dell 

materials.
 

Estimated Total Energy Storage Systems Costs. The cost data for each candidate 

battery concept and power conditioning subsystem are collected together to 

'arrive at original (1975) installed and operating energy storage system costs. 

Four IUS applications have been selected to illustrate the total system costs.
 

Each battery candidate is treated separately in Tables 5.9(A) through 5.9(D)
 

and a round trip efficiency of 70 percent is assumed in calculating the in

stalled,capacity requirements for these various applications. The data are
 

summarized -inTable 5;10 along with similar estimates of what the total system 

capital costs might be if the IUS installation was delayed to 1985. 
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TABLE 5.9. SUMMARY OF ESTIMATED TOTAL ENERGY STORAGE CAPITAL COSTS 
FOR CANDIDATE BATTERY CONCEPTS
 

Power 

Battery Conditioning Installation Total

Nunber of Installed Delivered Discharge Subsystem Subsystem and Siart-Up Syst=m 

IUS Generators Capacity(a) Capacity Time Cost(b)(d) Cost Cost(d) Costzc) 
Application Installed kwh kWh hr S/kW t/kW kW S/W 

(A) PbO2 /Pb BATTERY CONCEPT -

1000-Unit 5 1,261 1.056 4 305 s0 51 436 
Apartment 

4 4,878 4,065 7 466 80 81 627 

Village 7 3,798 3,179 2 139 80- 0i 239 
Conplex 

6 40,191 33,638 11 453 80 78 611 

(B) Zn/Cl2.6H20 BATTERY CONCEPT
 

1000-Unit 5 1,261 1,056 4 170 80 51 301 
Apartment -30 

4 4,878 4,065 7 251- 80 81 " 412 

Village 7 3,798 3.179 2 87 80 20 
 "187
 
Complex 

6 40,191 33,638 11 244 80 78 402 

(C) Li/MeS BATTERY CONCEPT
 

IOOG-Unit 5 1,261 1,056 4 172 80 34 286
 
Apartment
 

4 4.878 4,065 7 269 80 54 403 

Village 7 3,798 3,179 2 72 80 13 . 165 
Complex 

6, 40,191 33,638 11 261 80. 55 396 

(D) Na/S BATTERY CONCEPT
 

lOGO-Unit 5 1,261 1.056 4 172 80 34 286 
Apartment
 

4 4,878 4,065 7 269 80 54 403
 

Village 7 3,798 3.179 2 72 80 13 165
 
Complex
 

6 40.191 33;638 11 261 80 55 396 

(a) Pound trip efficiency of 70 percent assumed. lsses on hold assumed to be negligible. 
(b) Includes storage related capital cost and balance of plant cost. 

Tc)role is the originaL installed capital coat, based upon 1975 cost estimates, for. delivered capacity, and 
designed for maximum power discharge ratings. 

(d) Based upon installed capacity and maximum discharge power ratings. 
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TABLE 5.10. 	ELECTROCHEMICAL ENERGY STORAGE CAPITAL COST
 
ESTIMATE BASED UPON PROJECTION FOR
 
1975 AND 1985
 

IUS Application (a)
 
Date of - 1000-Unit Apartment Village Complex 

Battery Original Baseload Generation Baseload Generation 
Concept Installation 5 Generators 4 Generators 7 Generators 6 Generators 

lyb0 2/Pb 	 1975 436 627 239 611 
1985 280 386 173 377 

Zn/C12"6H20 	 1975 301 412 187 402
 
1985 213, 218 147 272

Li/HeS 	 1975 286 403 165 346 
1985 210 284 134 ,278 

Na/S 	 1975 286 403 165 -396
 

1985 190 252 126 247
 

(a) Round trip efficiency of-70 percent is assumed. Installed capital cost
 
values in $/kw (1975 dollars) based on maximum discharge rate in kW.
 
Applications .described in Table 5.9.
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All of the cost data pies~ented in Tables 5.9 and 5.10 have been presented on
 

a $/kW basis tofacilitate comparisons with the costs of the prime mover/
 

generator sets which are being replaced. This was adcomplished by dividing
 

the total cost of the energy storage system by the peak discharge rate for
 

the particular IUS case being examined.
 

In terms of $/kW (based upon the maximum discharge rate), Table 5.10 shows
 

that low capital costs for battery energy storage systems accompany the shorter
 

discharge times. Also apparent from Table 5.10 is the fact that a system
 

incorporating PbO 2/Pb batteries will be the most expensive in terms of capital
 

outlay, even though the lead time for installing this system may be the short-'
 

est. All the other alternative battery systems are similar in total costs,
 

with the Na/S battery systems showing the greatest potential for minimizing
 

the installed capital cost in the long term. However, it should be remembered
 

that if a 20 year life is required, then the life cycle costs may change the
 

relative merit of the alternatives.
 

If PbO 2/Pb batteries are considered to represent existing technology; Zn/Cl 2"6H20 

batteries near-term technology and Li/MeS or Na/S batteries long-term technology, 

then the installed capital cost data for a 70 percent efficient 3ystem may be 

summarized as shown in Table 5.11. The near-term (1985) data for, the Zn/C 2"6HO2 

battery were taken from Table 5.10 along with the 1975 data for PbO 2/Pb 

batteries.' The averaged data for 1995 for Na/S and Li/MeS batteries were 

compiled from information given in Tables 5.6 and 5.9, and Figure 5.2. 

Research and Development Opportunities
 

Because of the early stage of development of the candidate batteries discussed
 

and the uncommon electrical requirements of the power conditioning subsystem,
 

research and development opportunities of a wide variety exist. Only the more
 

obvious problem areas are identified and summarized below. Additional infor

mation about R&D requirements can be found in many of the references listed 

-.at the end of this section.
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TABLE 5.11. INSTALLED CAPITAL COST FOR AN ENERGY STORAGE SYSTEM
 
HAVING A ROUND-TRIP EFFICIENCY OF 70 PERCENT 

Application(a) 

Battery Concept 1000-Unit Apartment Village Complex
 
State of Baseload Generation Baseload Gener,'tion
 

Development 5 Generators 4 Generators 7 Generators 6 Generators
 

Present (1975) 436 627 239 611
 

Near-Term (1985) 213 278 147 272
 

Long-Term (1995) 163 215 109 211 

(a) Capital cbsts in $/kW (1975 dbllars) based on maximum discharge 
rate. Power conditioning subsystem costs in 1975-85 assumed to 
be 80 $/kW; in 1995 70-$/Wq. Long-term projections based on 

-averaged data -for Na/S and Li/MeS battery'concepts. 
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Power Conditioning Subsystem. Equipment to meet the specifications for the IUS
 

applications are not necessaiily off-the-shelf items. It is anticipated that
 

until a significant market exists many of the components will be made to
 

special order. Thus, the circuit breakers may typically be rated at 300 or 800
 

V, while it may be desirable to operate the-storage system-at 1000 volts. This
 

is more a recognition of a need and meeting it, than a 'significantdevelopment
 

effort.
 

Because of the nature of an electrochemical energy storage device the inverter
 

can be sized differently from the converter to achcomodate the different charge
 

and discharge current and voltage requirements (maximum currents and voltages
 

do not occur at the same time). Also, with an electrochemical system there
 

will be a voltage transient at the beginning and end of charge and discharge.
 

During discharge the voltage will slowly decay as the installed capacity is
 

used up. Also, polarization losses vary with the rate-of energy removal,.and
 

voltages will be lower as the power delivered increases. The accomodation of
 

all these variables into power conditioning equipment having the desired
 

characteristics will be a considerable task. For example, schemes could be
 

devised for switching various battery modules in series and parallel in order
 

to reduce the voltage range arising during charging and discharging portions of.
 

a cycle. In this manner a partial voltage range converter could be used
 

instead of an expensive full range converter. Similarlyj groups of modules
 

could be connected to the load in sequence to minimize polarization losses, and
 

ensure a nearly constant voltage (hence power output).
 

Materials for the DC buswork for the high temperature battery concepts -may have
 

to -be developed.- Standard electrical aluminum alloys cannot be used because of
 

low teinsile strength and high elongations at elevated temperatures.(23) Fully
 

-insulated copper may be desirable; but, this-is a relatively expensive approach.
 

Full insulation is required because of the possible build up of carbonaceous
 

(conducting) contaminants in an air-cooled system. Use -of an inert gas such as
 

nitrogen or argon would prevent this build-up; but-, this would increase operating
 

costs.
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Battery Storage Subsystem. In order to achieve the more optimistic capital
 

costs previously cited, a considerable R&D program is necessary for each
 

battery concept to develop (1) economical fabrication procedures for cell
 

components, (2) economical assembly procedures for cells, (3) less expensive
 

cell materials without sacrificing desirable properties, (4) economical pro

cedures for assembling batteries andmodules, including the auxiliary equipment
 

such as controls and sensors.
 

(28)
 
The problems to be overcome are common to each battery concept and may be 

summarized as follows: (1) low ratio of practical to theoretical energy

density, (2) cell capacity losses with cycling, (3) corrosion of inactive 

components such as current collectors for positive electrodes and cell con

tainers, (4) inadequate or too costly separator materials, (5) unavailability 

of adequate, inexpensive seals and feedthroughs, and (6) restricted availa-. 

bility or high cost of certain materials.
 

With PbO 2/Pb batteries a major concern is to improve the energy density and 

the utilization of the active materials. New grid designs, new paste and 

electrolyte formulations, and new packaging concepts may help to alleviate this
 

problem. Another concern is to develop grid materials (especially for the
 

positive electrodes) which will not corrode nor generate excessive amounts of
 

gas. The latter, along with extended periods of overcharging resulting from 

poor charge acceptance, will increase O&M costs because more frequent watering 

("topping") will be required, Ideally no watering should be necessary during 

the life of the battery. The grid materials developed must also be strong 

enough to withstand the creep which may occur as the plates become larger,
 

paralleling the incrase in cell size for energy storage applications. Disper

sion strengthening may be one approach to obtaining desirable strength without 

introducing undesirable alloying (hardening) agents. The size of the battery 

modules and the duty cycle may mean that a considerable amount of heat has to 

be dissipated to prevent excessive temperature increases which shorten cell 

life. Methods of cooling these modules have to be devised, whether they rely 

on external heat transfer (e.g., air cooling) internal heat transfer (water
 

cooled heat exchangers inside the cells) or a combination of these (e.g., 

recirculating the electrolyte through a heat exchanger). The latter approach 

may overcome the problem of electrolyte stratification during high rate discharges. 

5.46
 



REPRODUCIBILITY OF THE 
ORIGINAL PAGE IS POOR 

With Zn/C 2 "6H20 batteries the life of the inert electrodes has to be esta

blished, particularly the catalyzed eiectrodes used for the chlorine reactions.
 

Improved methods for applying the catalysts need-to be developed. A separator
 

material is required with improved properties to reduce self-discharge and the
 

parasitic currents occuring during cell operation. In this respect the effects
 

of cell impurities and any corrosion products need to be determined. If
 

improved performance can only be obtained in the absence of a cell separator
 

the cell design needs to be optimized.
 

Improved container, separator and positive electrode current collector materials
 

are needed for Li/MeS batteries. Porous iron, carbon powder, and vitreous carbon
 

foam are being investigated as inexpensive substitutes for graphite felt as a
 

current collector material. If porous iron is used in conjunction with FeS
 

positive electrodes, the problem of excessige swelling of the latter during 

early discharges-has to be overcome., Formation of the active materials before
 

assembly, electrode additives, and varying particle size of the FeS powder have
 

been suggested as approaches to the problem of swelling; Metal sulfide addi

tives apparently increase cell performance, and this should be investigated
 

further, along with the use of the new AI-Si negative electrode alloys. The
 

development of flexible, low-cost separator materials would greatly facilitate
 

cell assembly.
 

With the Na/S batteries,, the problem areas are also corrosion of the cell
 

container and the current collector in the positive (sulfur) electrode.
 

Improved performance and life result through the use of materials of high
 

purity, thus minimizing contamination. Hence low cost purification methods and
 

corrosive resistant materials need to be developed. Improved fabrication
 

procedures are also needed to give low cost, strong beta-alumina electrolyte
 

materials of the desired shape, size and electrical properties. Cell designs
 

could be modified to promote more even current density distribution over the
 

electrolyte, which would favor longer life. However, problems,with sodium
 

wetting of the electrolyte are still being encountered.
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.6. CHEMICAL ENERGY STORAGE
 

Basic Aspects of Chemical Energy Storage
 

In the previous section concerned with electrochemical energy storage,
 

energy was fed into an energy converter (i.e., the battery) within which
 

chemical states of the reactants were changed. These "active" materials
 

were then stored in the battery until a demand arose for recovery of the
 

stored energy. As energy was withdrawn, the reactants reverted to their
 

previous states. Such a description suggests that electrochemical energy
 

storage is a special case of'chemical energy storage; that is, (1) chemical
 

energy is stored and recovered, and (2) the energy converter is also the
 

energy store. For the general~case of chemical energy storage, the energy
 

stored is equivalent to the change in chemical bond energies.
 

Examples of chemical energy storage are shown schematically in Figure 6.1.
 

The simplest case, indicated in Figure 6.1 (A), is exemplified by water
 

decomposition. A more complex reaction is indicated in Figure 6.1 (B),
 

which is exemplified by the :Schulten reaction. Other specific reactions
 

are cited in subsequent discussion. It should be noted that although the
 

-reactions are reversible to be of use for energy storage, they are not
 

100 percent efficient. It should also be noted that it is possible to
 

utilize intermediate steps,.with the regeneration of reactants to achieve
 

a desired overall reaction at reasonable pressure and temperature levels.
 

The energy supply for charging a chemical energy storage device can be
 

either electrical or thermal, and the.energy converter can be either
 

electrochemical or thermochemical to produce electrical output. Hybrid
 

arrangements are also possible (e.g., electrical input hybridized with
 

thermochemical converter through the use of an electrical heater). A
 

possible integration of these energy converters in a chemical energy
 

storage concept is shown in-Figure 6.2. Conceptually, waste heat -froma
 

base load heat engine would be processed in a thermochemical converter.
 

'Whensystem electrical demand is low, the excess electrical energy would
 

6.1
 



,,3LIYOF TH 

OR1GifVJ A GE 'POOR 

ENERGY SUPILY/DFrj-VD 

DI SCHECARGICE DHARG 
S DTSCTARGE 

-CHAREGE 
ENERGY CONVERTER 

C 
AB STORE 

(A) REACTION AB + El A + B 

ENERGY SUPPLY/DEMAND 

ATR'DISCHARGE DICAG TR 

:BEACINERGY CO+VETER + 

FIGURE 6.1. SCHEMATICS OF SIMPLECHEMICAL ENERGY 

STORAGE CONCEPTS
 

.-6.2
 



TRANSMISS ION 
IUS SYSTEM
 
INTERFACE
 

DISTRIBUTION 

/, 

- *I ENERGY 
ONVERTER 

Il 
I
 
I
II " 

I " REACTANT
 
j STORE(S)
 

l' 'THEC
 
I RECTN 

I ELCIRCHENCAL THER240CHEMICAL
 
I COWETER
I jCONVERTER 

I 
I 
I 

ELECTRIC 
HEATER 

I -" 

,. 
I 
] I 

L - - THERMAL 
POWER PLANT 

FIGURE 6.2. SCHEMATIC OF STORED ENERGY RECOVERY SCHEMES
 

FOR INTEGRATED CHEMICAL ENERGY STORAGE 
SYSTEM
 

6.3
 



be 	stored in an electrochemical converter. The thermochemical converter is
 

frequently a catalyzed device to improve reaction specificity and/or energy
 

conversion efficiency. The electrochemical converter may be an electrolytic
 

device that is also catalyzed'and is used in conjunction with a fuel cell
 

to 	recover the electrical energy.
 

It 	is convenient to divide-a chemical energy storage concept into four
 

subsystems. Referring to Figure 6.3 these subsystems are:
 

o 	A production subsystem in which one or more
 

suitable chemical species are produced during
 

charging
 

" 	A storage subsystem in which these chemical
 

species are held until needed
 

* 	An energy conversion subsystem in which the
 

chemical species are reacted during discharge
 

to produce power
 

* 	A power conditioning subsystemthat enables the
 

storage equipment to be interfaced with user
 

equipment.'
 

-In Figure 6.3 (A) electrical energy is the primary energy source for pro

ducing the chemical energy carrier; while, in Figure,6.3 (B) thermal
 

energy is the source.
 

A proof-of-concept demonstration for operational feasibility can be cited
 

in 	the small-scale chemical energy storage installation at the Maplewood
 

Laboratories of the Public Service Electric and Gas Company(1) . This
 

concept utilizes an electrochemical converter in the form of a TI modified
 

water electrolyzer* to produce hydrogen, which is stored in a BNL metal
 

hydride unit** for later recovery and use in a P&WA fuel cell*** of about
 

12.5 kW power rating.
 

• 	 Teledyne Isotopes.

•* Brookhaven National Laboratory 

•** 	Pratt & Whitney Aircraft, Division of United Technologies Corporation.
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Alternative Concepts for Chemical Energy Storage
 

A variety of alternative techniques can be considered for each of the major
 

subsystems (production, storage, conversion, and power conditioning) that
 

make up a chemical energy storage concept. These subsystem techniques are
 

summarized in Table 6.1.
 

Production Subsystem. In Table 6.1, seven techniques are identified for
 

the production of chemical energy carriers. Each of them are presently in
 

various stages of technical development.
 

Electrochemical Methods. A well-known technique* for chemical energy
 

carrier production is electrolysis of water in which electricity is used
 

to dissociate water into hydrogen and oxygen at relatively low temperatures
 

and pressures and with relatively good efficiency (up to ' 65 percent
 

electrical efficiency).
 

The principal features of the electrolysis technique include:
 

* 	Noncorroding vessel containing an electrolyte
 

solution in which pairs of electrodes are
 

immersed
 

" 	Acidic (e.g., H2SO4) or alkaline (e.g., KOH)
 

electrolyte with a deionized/demineralized water
 

feedstock
 

0 Electrolyte is not consumed during electrolysis 

o Water may require replenishment to compensate
 

for evaporation loss in'some designs
 
o Electrolyte solution may be circulated
 

o 	 Electrode materials depend on
 

" Type of electrolyte
 

o 	Temperature/pressure levels of operation
 

0 	 Desired efficiency 

o 	Cost
 

* See Reference 2 for: a revtew. of .this technology. 
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TABLE 6.1. 	 LIST OF SUBSYSTEM TECHNIQUES CONSIDERED FOR
 
CHEMICAL ENERGY STORAGE
 

Specific Techniques Considered(a)
Subsystem 


Production 	 Electrochemical (Electrolysis)
 

Thermochemical Reactions
 

Combined Electrocbemical/Thermochemical Reactions
 

Chemical Reactions
 

Thermal Dissociation of Water
 

Photochemical Reactions
 

Biochemical Reactions
 

Storage Mechanical (Pressurized Vessels, Natural and Man-Made)
 

Cryogenic (Liquid)
 

Chemical (Compounds Containing Hydrogen)
 

Conversion Thermochemical (Gas Trubine, Combustion Chambers)
 

Electrochemical (Fuel Cell)
 

Power Conditioning (See Discussion in Section 5)
 

(a) 	This list does not consider applicability of the specific schemes.
 
Considerations of near-term applicability-will eliminate many of
 
them,.as discussed in the text.
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* 	Separator to separate hydrogen collected at the
 

cathode from oxygen collected at the anode until
 

removed from the cell.
 

Cells may contain multiple electrode pairs connected in parallel to form a
 

unipolar or tank type electrolyzer. Cells can also be ganged in series to
 

form bipolar or filter-press type electrolyzers having a desired generating
 

capacity. As indicated in Reference 23,.each arrangement has advantages/
 

disadvantages that do not characterize general superiority of either one.
 

Advanced electrolysis methods are discussed in References 2-6.
 

Recent interest has been expressed (4 ) for incorporating water electrolyzers
 

into "hydrogen economy" system concepts in which the hydrogen produced would
 

serve as the energy carrier. The anticipated availability of economical off

peak electricity from nuclear base load generation enhances the attractive

ness of this idea.
 

Electrolyzers, like storage batteries, can be operated over a wide range of
 

conditions (voltage, current density, temperature, pressure), depending upon
 

material limitations (e.g., relative electrocatalytic activity of electrodes,
 

duty cycle). Electrochemical systems tend to polarize as operating current
 

density increases; the results are increased voltage losses and decreased
 

efficiency.
 

Thermochemical and Combined Thermochemical/Electrochemical Reactions. In
 

this class of chemical energy storage concepts are those which use a
 

water feedstock in a chemical dissociation reaction at elevated temperature
 

to produce hydrogen and oxygen. The process occurs with the assistance of an
 

intermediary compound that participates in a series of reactions but is
 

recovered intact at the end of the process. The Reverse Deacon process is
 

an example in which chlorine is the intermediary in the sequence:
 

2 	1073 
K
 

2H0+2C1 - > 4 HCl + 02
 

2 HCU electrolysis> H2 + Cl2 ,
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Capital estimates of about 4.50 to 5.50 dollars per 106 Btu of hydrogen
 

produced (1 3) are thought to be typical of those thermochemical production
 

schemes which are relatively simple. Capital costs will rise as the number
 

of reaction steps increases, along with the possible associated complexity of
 

materials handling and separation (especially if aggressive reactants
 

dictate the use of expensive corrosion resistant materials and equipment).
 

Using a conversion factor of 293 kWh per 106 Btu, then the energy storage

related capital cost range for thermochemical production subsystem processes
 

is expected to be about $30 to $40 per kWh equivalent of hydrogen.
 

Chemic&l Reactions. Unlike many classes of production schemes, the purely
 

chemical reaction is not constrained to use hydrogen as the principal
 

energy carrier. Candidate reaction schemes are given in Table 6.2.
 

Thermal Dissociation of Water. Temperatures greater than 2273 degK
 

(3632 degF) are needed to thermally dissociate water. This approach is
 

within the capability of utilities operating nuclear reactors; but, it
 

is clearly beyond the reach of the IUS.
 

Photochemical Reactions. In principle, photochemical reactions are simple
 

and utilize solar irradiation as the energy source. A typical conceptual
 

approach (18) is to generate dc current photoelectrically and use it for
 

water electrolysis. Another method is photolytic production of
 
36 37)
hydrogen(13 , , which presently is very inefficient (120 hours of
 

-
sunlight to produce 10 8 moles of hydrogen and oxygen).
 

Biochemical Reactions. Biochemical reactions directed at producing com

bustible gases have been reviewed in References 3 and 19. Examples of
 

schemes studied on a laboratory scale include:
 

* 	Hydrogen production by certain anaerobic
 

bacteria. 

a 
Hydrogen production by nitrogen-fixing
 

blue/green algae in the absence of nitrogen 

but in the presence of sunlight.
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TABLE 6.2.. 	CANDIDATE CHEMICAL REACTIONS FOR PRODUCTION
 

SUBSYSTEM
 

Operating Temperature
 
Reaction Scheme Range, degK
 

CH4 + H20 Z CO + 3H2 700 - 1200
 

OH4 + C 2e 2C0 + 2H2 700 - 1200
 

C6H12 + C6H6 3H 500 - 750
 

C7H14 H78 450 708
2 -


C oH18 C oH8 + 5H2 450 - 700
 

01501 2H + H0I 	 420 - 770

C2H5 2 4
 

COC12 CO + C12 550 - 1000
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o Hydrogen production by some photosynthetic
 

bacteria in a litmited-nitrogen environment.
 

Low production rate and gas separation requirements appear to be the key
 

problems for these biochemical mechanisms.
 

This subsection on production subsystems is concluded with a comment on
 

the large volumes of oxygen that would also be produced during water
 

electrolysis. Oxygen could be sold to obtain a system credit; but, lacking
 

a consumer, it must be discharged or stored (e.g., chemically) for sub-

sequent use as an oxidizer in the conversion subsystem.
 

Storage Subsystems. As previously indicated in Table 6.1, three techniques
 

for storing chemical energy carriers are considered: (1) mechanically in
 

compressed gas form, (2) cryogenically in liquid form, and (3).chemically,
 

in combined form.
 

Gas Storage in Pressure Vessels. Compressed gas storage in pressure vessels
 

is an established technique. For example, storage of hydrogen at 16.6 MPa
 

(2400 psia) is common practice for relatively small volumes. An interesting*
 

version has been suggested in the form of storage in transmission/distribution
 

lines ("line-packing" technique), provided that variable transmission
 
(22)
pressure (say between 3.45 and 6.90 MPa (500 and 1000 psia) is acceptable.
 

It would also be desirable to minimize the distance between the energy
 

carrier gas source and the energy converter, since booster compressor"
 
'
 

stations are,generally required at 100-160 km (65-100 mi)*intervals(
I1 l4)
 

to compensate for line losses.
 

There remain some unresolved problems'concerning high pressure storage of
 

hydrogen: (1) hydrogen embrittlement of storage vessel materials, and
 
,
(2) thermomechanical fatigue induced by regular fill/discharge duty cycles.
 

At Los Alamos Scientific Laboratory hydrogen has been stored at 24 -MPa 

(3500-psi) without difficulty; but, at a storage pressure of 34.5 MPa 

(5000 psi) container wall cracking was encountered. (33) Although high 

strength steels are susceptible to embritling attack-, several materials. 

(300-series stainless steels, titanium, Monel, and some aluminum alloys) 
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have been found suitable for hydrogen service.(2 4) Pressure vessels
 

wound from fiberglass reinforced epoxy resin show great promise, although
 

wall permeability to hydrogen has not been established. 
(35)
 

Other methods that have been suggested for gas storage in a hydrogen
 

economy include underground caverns, aquifers, depleted gas wells, and
 

submerged bladder devices. 4)
 

Within the limitations posed by storage vessel material strength, there is
 

an inherent technical trade-off between: (1) high storage pressure and
 

low volume and (2) high pressure and low deliverability; furthermore,
 

there is a companion economic trade-off between cost of compressor and
 

cost of storage container. For hydrogen service the regenerative compressor
 

may offer advantages (e.g., an order of magnitude greater head coefficient)
 

over comparable conventional multistage compressors. However, its efficiency
 

is quite low (50 percent), and it is presently used at low specific speeds.
(2 )
 

Liquid Storage. There are definite size advantages to storing working
 

fluids (particularly light gases such as hydrogen) in liquid form. For
 

example, an 850-to-i reduction in storage volume is realized by liquefaction
 

of hydrogen. Since liquid hydrogen is cryogenic, achieving this volume
 

reduction requires using to advantage already well-developed, specialized
 

refrigeration, insulation,,handling procedures, and accepting their
 

associated costs (e.g., 1-2 $7106 Btu for liquifaction versus.0.15-0.50
 

$/106 Btu for compression(32)
 

Because the "hold" portion of the energy storage application cycle is
 

relatively short (hours vs. days), it may be possible to simplify the
 

liquid hydrogen storage vessel insulation techniques (and thus lower
 

capital costs) by accepting higher levels of heat leakage and consequent
 

hydrogen boil off. Perhaps an adaptation of LPG/LNG storage techniques
 

will be appropriate.
 

Hydrogen can also be stored-in multiphase form--"slush"-- but under more
 

demanding conditions. Thus, this technique is rejected from further 

consideration. 
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REPRODUCIBILITY OF THE 
ORIGINAL PAGE IS POoA 

Storage of other gases/liquids, as may be required for the use of some
 

chemical/thermochemical production schemes, is well within established
 

state-of-the-art technology and needs no elaboration. The principal
 

design problems are generally posed by reactant corrosiveness.-


Gas Storage in Chemically Combined Form. In addition to the compressed gas
 

and liquified gas methods for storing large volumes of gas generated by
 

a production subsystem, it has recently been found to be technically
 

feasible to use chemical combination as a storage mechanism (with sub

sequent dissociation for recovery). For example, at the Phillips Laboratory,
 

hydrogen has been stored by formation of rare-earth metal hydrides. At
 

Brookhaven National Laboratory, simpler metal hydrides have been used.
 

Engineering demonstration models have been operated, the largest of which
 
1 )
has a hydrogen storage capacity of 7 kg (16 ib)( . Various problems
 

are under study, such as the effect of trace -impurities (e.g., oxygen,
 

wAter vapor) upon cycle life (rare-earth metal hydrides may be less
 

susceptible than the simpler metal hydrides (36)). Details of specific
 

hydride storage systems are described in References 28-30.
 

Desirable features sought for a hydride storage concept include: (1) high
 

retention capacity for hydrogen, (2) low dissociation temperature (<373 degK
 

(212 degF), (3) high rates of absorption/desorption, (4) low heat of
 

hydride formation, (5) high raw material density, (6) low cost raw materials,
 

and (7) insensitivity to oxygen and water vapor. Systematic investigation
 

of hydrides are being pursued, and several approaches have been identified
 

for deriving improved materials: (l) alteration of interatomicspacing
 

to allow placement of hydrogen in the octahedral as well as tetragonal
 

interstitial sites; (2) use of glassy metals to increase intermetallic
 

lattice spacing to allow placement of hydrogen in the more open space;
 

(3) modification of dissociation temperature by alloying while still
 

retaining hydrogen content; (4) increasing dissociation pressure by
 

alloying to decrease the metal-hydrogen bond strengths; and (5) increasing
 

dissociation pressure by increasing the entropy of the compounds.
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Other combined forms of hydrogen storage can be considered--in both
 

gaseous and liquid states. For example, ammonia storage/handling is a
 

well developed practice. Other liquids include aromatic hydrocarbons
 

(hydrogenerated during storage and dehydrogenerated during "discharge"(
15'31)
 

and fuels like hydrazine and methanol (both of which would be thermally
 

decomposed during discharge).
 

Conversion Subsystem. Although the energy carrier released from storage can
 

be converted into either heat or electricity, the intent here is to review
 

the latter. In particular, the combustion engine (e.g., gas turbine) (34)
 

and the fuel cell are appropriate conversion devices, and their applications
 

can be readily illustrated with hydrogen as the energy carrier.
 

Gas Turbines. Hydrogen has many desirable characteristics as a fuel
 

(high heating value, wide flammability range) and has been studied extensively
 

in the 1950's for use in aviation gas turbines(34) and recently for use in
 

reciprocating engines (14) Burned in air, it produces nominal hydrocarbon
 

emission but its high flame temperature aggravates NOX pollution. The
 

latter problem could be eliminated if the oxygen from a water electrolysis
 

production subsystem could be used as the oxidizer. Compared to a fuel
 

cell, the hydrogen/oxygen gas turbine could be more expensive.(34
 

Fuel Cells. The fuel cell has been the subject of intensive investigation
 

over the last two decades,'4'22'31 ) much of it under the sponsorship of
 

the U.S. space program. It is similar to a battery in component makeup;
 

that is, it has an electrode pair, an electrolyte and an interelectrode
 

separation device. It is,, however, distinguishable from a conventional
 

battery's functional operation in that the reactants are stored externally
 

and must be circulated through-the cell, which now serves as a reaction
 

chamber. (Actually, the electrochemical conversion to dc power occurs at
 

the inert electrodes within thd dell.) Like the storage battery, fuel
 

cells are electrically modular. and thus can be aggregated to achieve
 

desired energy/power levels.
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In 	a hydrogen/oxygen fuel cell, the gases are not physically mixed, as in a
 

conventional combustion process, (4) but are ionized at the electrodes. The
 

resulting soluble ions migrate through the electrolyte toward reactive
 

encounters that produce water. Being an isothermal device, relatively high
 

conversion efficiencies (in excess of 40 percent) are expected. For
 

example, hydrogen/air cells typically exhibit 55 percent and hydrogen/oxygen
 

cells approach 60 percent (4 ) over a broad operating band (25-125 percent
 

of rated power). Good load following characteristics are also reported.
 

Efficient electrode materials are presently very expensive, as are the
 

sophisticated fabrication procedures. Fuel cells with long life and -low
 

capitaCl costs tend to exhibit inferior power performance.
 

At the present time two programs are being directed towards commercial 

exploitation of large scale fuel cell design. 

O TARGET program - development of natural,gas

fueled cells for domestic housing application 

* 	Fuel Cell Group program - development of natural
 

gas-fueled cells, a steam/methane reformer for
 

hydrogen generation, and complementary power con

ditioning equipment for utility substation appli

cation (up to 26 MW rating).
 

Both programs are being conducted by Pratt & Whitney Aircraft Division of
 

United Technologies, Inc' Exxon, Inc.,-in conjunction with Alsthom
 

(Frahce) is also performing fuel cell R&D to support potential commercial
 

applications.
 

Power Conditioning Subsystem. In a chemical energy storage concept that
 

features a gas turbine conversion, the power conditioning equipment would
 

be 	functionally split into two parts: (1) ac/dc converter for the pro

duction subsystem; (2) conventional equipment associated witb a gas
 

.turbine driven synchronous generator.
 

The power conditioning requirements for a chemical energy storage concept
 

that employ fuel cell-conversion are expected to be quite similar to those
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for an electrochemical.energy storage concept (i.e., combination inverter/
 

converter; see, therefore, the discussion in Section 5).
 

Alternative Approaches for Implementation
 

Candidate Concept Selection. The large number of chemical energy storage
 

concepts that could be assembled from the subsystems identified in Table 6.1
 

can be reduced to the more promising candidates for IUS application. This
 

reduction is effected via several criteria.
 

* 	State-of-the-art advancement beyond mere
 

conceptual stage--that is, experimentation
 

has progressed sufficiently to support
 

reasonable assessment of the feasibility
 

for bulk energy storage
 

* 	Relatively high component operating
 

efficiencies and effective allocation
 

of cycle energy.'
 

Application of the first criterion leads to rejection of photochemical,
 

biochemical, thermochemical, and thermal dissociation of water techniques
 

for energy carrier production. Application of the second criterion leads
 

to rejection of liquid storage of the energy carrier (disproportionate
 

allocation of cycle energy to.refrigeration). Chemical production methods
 

(most of which require hydrocarbon feedstock) can be rejected on the basis
 

of the elevated operating temperatures that would require an external
 

heat source.
 

Having performed this screening, the alternative approaches from which to
 

synthesize energy storage concepts are reduced to the following:
 

0 Production .subsystem
 

o 	Electrochemical (electrolysis)
 

* 	Storage subsystem
 
o Mechanical (pressure vessel)
 

o0 Chemical combination
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e Conversion
 

o Thermochemical (gas turbine) 

o Electrochemical (fuel cell)
 

C Power conditioning
 

0 Converter (for thermochemical).
 

o Inverter/converter (for electrochemical).
 

The results are summarized in Tabla 6.3 in which a procedure was used
 

similar to that for corresponding aspects of Section 5.
 

The results of the screening have also been categorized as immediate or near

term options in Table 6.4 to indicate anticipated trends in technology.
 

Table 6.4 is consistent with the concept that electrical energy should be
 

fed into the storage systen and extracted from it and the recent emphasis
 

upon hydrogen as a chemical energy carrier.
 

Technical Characteristics. The technical characteristics of the production,
 

storage and conversion subsystems will be discussed in some detail, and a
 

brief mention made of the power conditioning subsystem. The characterization
 

is based upon data presented in the open literature. Performance character

istics will change as the state of the technology advances.
 

Production Subsystem. Technical performance and cost data published in the
 

literature, and obtained from electrolyzer manufacturers, are summarized in
 

Table 6.5. It should be noted that the energy efficiency of laboratory
 

cells, or small commercial units, can be very high, of the order of 90to
 

95 percent. However, when these cells are scaled-up into commercial
 

units of the sizes of interest to IUS technology, the efficiency is more
 

typically 50 to 80 percent, and often about 60-70 percent.
 

Water electrolysis may be characterized by two cell voltages. (2) One 's the
 
"reversible" voltage for electrolysis, below-which dissociation of water is
 

impcssible. This has a value of 1.23 volts at zero current, atmospheric
 

pressure and 77 F (25 C), and has a negative temperature coefficient of
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TABLE 6.3. INITIAL SCREENING SUMMARY FOR CHEMICAL ENERGY STORAGE SUBSYSTEMS
 

Score
 
Technique(a) Hardware Round Trip Service Technical Life Cycle Overall Figure
 

Availability Efficiency Life. Merit(b) Cost of Merit(c)
 

Production 	 Electrochemical 2 2 2 6 2 12
 
Co 	 Thermochemical 1 1 1 3 1 3 

Thermochemical -
Electrochemical 1 1 1 3 1 3 
Chemical 2 1 5 2 10 
Thermal 1 1 1 3 1 3 
Photochemical 1 1 1 3 1 3
 
Biochemical 1 1 1 3 1 3
 

Storage 	 Mechanical 2 2 2 6 2 12
 
Cryogenic 2 2 2 6 1 6
 
Chemical 1 2 1 4 1 4
 

1 3 	 aConversion 	 Thermochemical 1 1 3 

5
2 1 5 1
Electrochemical' 2 


(a) See Table 6.1 and text,
 
(b) Sum of scores for hardware availability, round .trip efficiency, and service life.
 
(c) Obtained by multiplying technical merit score by cost assessment. Highest score is 12, lowest is 3.
 

0
 

0 



C 

TABLE 6.4. CANDIDATE CHEMICAL ENERGY STORAGE CONCEPTS FOR IUS APPLICATION
 

System 

Concept 


A 


B 


D 


Implementation 

Time Frame 


Immediate (1975) 


Near Term (1,985) 


Immediate 


Near Term 


Production 


Electrochemical 

(Water Electrolysis) 


Electrochemical 

(Water Electrolysis) 


Electrochemical 

(Water Electrolysis) 


Electrochemical 

(Water Electrolysis) 


Subsystem
 
Storage 


'Mechanical 

(Compressed Gas) 


Chemical 

(Metal Hydride) 


Mechanical 

(Compressed Gas) 


Chemical 

(Metal Hydride) 


Conversion
 

Electrochemical
 
(Fuel Cell)
 

Electrochemical.
 
(Fuel Cell)
 

Thermochemical
 
(Gas Turbine)
 

Thermochemical
 
(Gas Turbine)
 



TABLE 6.5. PERFORMANCE AND COST DATA FOR WATER ELECTROLYZERS
 

Approximate Energy Electrical
 
Electrolyzer Capacity, Efficiency, Requirement, Capital Cost,
 

Reference Type kg/hr of H2 % kWh/kg of H2 . $/kW(a) Year
 

(22) Commercial Cells -- 57-72 52.8 -95 1972
 

(39) Commercial Cells -- 50-80 -- 120 1972
 

(40) Teledyne, Bipolar 4545 -- 88-109 1973
 

(41) Teledyne, Bipolar 0.68 50-80 -- 120 1974
 

(42) Commercial Cells 2273 70-80 - -100 1974
 

(38) Commercial Cells - 85-90 -- 70-100 1974
 

(43) G.E. SPE Cells(b) 92.52045 335 (c) 1974
..


(44) Lurgi, High Pressure 795 - 50.6-55.0 -345 (
c) 1974
 

(1) Commercial Cells 2954 .... >300 (c) 1975 g 
(45) Brown Boveri, Bipolar >59 -- 48.4-57.2 145-215 1975 c 

(a) Hydrogen output electrical equivalent.

(b) SPE - Solid Polymer Electrolyte. 
(c) Installation, freight and insurance costs included.
 



voltage.' The other characteristic parameter is the "thermoneutral" voltage,
 

which has a value of about 1.47 volts, under the same conditions, but has
 

a slight positive temperature coefficient. Electrolytic production of
 

hydrogen and oxygen is possible between 1.23 and 1.47 volts at 77 F (25 C)
 

of heat is supplied to the system. At the thermoneutral Voltage, the gases
 

are evolved without the release of beat, but above 1.47 volts waste heat
 

is evolved along with thegases.
 

At the thermoneutral voltage the energy efficiency is ideally 100 percent,
 

but at the reversible voltage the energy efficiency can be 120 percent at
 

STP (as given by the ratio of enthalpy to Gibbs free energy) provided heat
 

is absorbed from the surroundings. Stated another way, the electrical
 

energy required to dissociate water in theory is only 83.7 percent(4) of
 

the combustion (thermal) energy of the hydrogen,gas produced. In practice,
 

these high values can never be attained because in order to make the
 

electrolysis reaction proceed at practical rates the polarization which
 

results represents significant voltage losses. If V represents the operating
 

cell-voltage, and V the reversible cell voltage, then the polarization
o 

losses may be represented as follows:
 

V -V =V +Vb +IR
 

where I is the electrolysis current; R is the cell internal resistance;
 

and Va, Vb are the voltage losses due to efficiencies in electron and
 

mass transfer at the anode and cathode.
 

Operating data supplied by Lurgi-Apparate Technik Gmbh. for their
 

Zdansky-Lonza "Electrolytor" pressure electrolysis modules (of the size of 

interest to the present study) indicate that about 51 to 54 kWh/kg
 

(23 to 25 kWh/lb) of hydrogen produced are required, compared with a
 

theoretical requirement of about40".1 kWh/kg (18.2 kWh/ib) at NTP. 

Brown-Boveri electrolysis modules, based upon "Oerlikon" electrolyzers,
 

require about 49,to 57 kWh/kg (22 to 26 kWh/lb), thus in terms of electrica 

efficiency the two ,types of commercial equipment are similar. The former,
 

however, produce hydrogen and deliver it at about 30 atmospheres, hence if
 

compressed gas storage is used, the compression requirements are
 

lessened.'
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Both types of electrolyzers operate at about 1000 volts and 6600 amperes,
 
although the current density, hence cell voltage, is governed by the cell
 

design. The average operating electrical requirement is about 53 kWh/kg
 

(24 kWh/lb), and the electrical efficiency is about 65 percent. The
 

thermal or energy efficiency is about 77 percent (based on the lower
 

heating value of hydrogen). These values are consistent with the other
 

data given in Table 6.5, and represent the average state of the art. In
 

Table 6.6, therefore, the value of 65 percent has been selected as the
 

present-day value anticipated for the electrical efficiency of the
 

electrolysis production subsystem. Over the next decade the electrical
 

efficiency of commercially available equipment could improve to about
 

77 percent (90 percent thermal efficiency). This is given as the high
 

value in Table 6.6.
 

The range of 20 to 30 kWh/m (0.57 to 0.85 kWh/ft3) given for the energy
 

storage density is based upon extrapolations of manufacturer's literature
 

data for subsystems having a hydrogen capacity equivalent to 100 MWh
 

delivered. The low value given refers to the electrolysis modules and
 

auxiliary equipment alone, and does not include the storage subsystem.
 

The latter is treated separately. With design optimization, and incorporation
 

into a total energy storage system, the 50 percent improvement in energy
 

storage density projected for the next decade should be attained.
 

Electrolyzers of the bipolar type incorporating conventional, nonnoble
 

metal blectrodes and asbestos separators, have been in operation for 10
 

years or more, with periodic maintenance. Unipolar types of electrolyzers
 

have also established a good life expectation, with similar periodic
 

maintenance, such as the replacement of the electrolyte, in which detrimental
 

impurities collect. With continuing maintenance a life expectancy of
 

20 years or more can be expected from presently available electrolyzers,
 

as shown in Table 6.6.
 

The high performance electrolysis cells being developed today, e.g., the
 

Teledyne Isotope electrolyzers based upon Allis-Chalmers technology, and the
 

General Electric SPE-cells, have yet to be scaled-up from laboratory cells
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TABLE 6.6. TECHNICAL CHARACTERISTICS OF A PRODUCTION SUBSYSTEM 

Thermal (Energy) Electrical Energy Storage Volumetric Estimated Service
 
3 


Subsystem Efficiency, % Efficiency, % 1ensity. kWh/ Life, Years
 
Type High Low High Low High Low High Low
 

Water 
Electrolysis 90 77 77 65 30 20 >20 10 

Note: 	Efficiency refers to production of oxygen and hydrogen, and includes contributions from
 
auxiliary equipment such as pumps, and dryers.
 



and small commercial units. These types of electrolyzers are much more
 

complex in terms of hardware, monitoring and control equipment, and have
 

not yet established a reputation for long life. If these types of
 

electrolyzers are developed-into efficient subsystems for energy storage
 

applications, initially the life may only be in the range of 2 to 5 years.
 

.Storage Subsystems. As mentioned earlier, two types of storage subsystems
 

will be considered. For present day applications, and possibly near-term
 

applications, compressed gas storage at 1000 psig is recommended. For
 

possible installation within the next decade, provided the technical and
 

cost projections are substantiated, storage of hydrogen as'a metal hydride
 

is suggested. The technical characteristics of both these subsystem
 

alternatives are summarized in Table 6.7. A daily duty cycle is assumed
 

for both alternatives in order to keep the capital cost of an installation
 

as low as possible.
 

The efficiency of compressed gas storage can be high depending upon the
 

efficiency of compression of the gases to be stored. Typically compressor
 

efficiencies of 80 percent can be achieved for oxygen and 75 percent for
 

hydrogen. If other losses are considered negligible then 75 percent would
 

represent the low value for the thermal energy efficiency. However, there
 

is some optimism for increasing efficiency. One approach might be to
 

backpressure the electrolyzer production-subsystem, i.e., produce the
 

gases under pressure electrochemically, thus greatly (1) reducing the
 

horsepower requirements for the compressors, (2) reducing the pressure
 

differential-, and (3) reducing the number of compression stages required.
 

Efficiency values approaching 99 to 100 percent have been projected using
 

this approach'(5 46 ) for the long term, and 97 percent for the near term (46 ).
 

Reference 29 gives an efficiency of 98 percent for hydrogen compression
 

to 2500 psig. If the oxygen is dumped, or delivered at low pressure for an
 

alternative use, then conceivably an efficiency of about 98 percent might
 

be achieved for storing the hydrogen gas, in this instance, and with

drawing it from storage when required. However, if back-pressurizing is
 

used to achieve such high efficiency for the storage subsystem, a penalty in
 

the form of a higher operating voltage for electrolysis will have to be
 

paid in the production subsystem. A trade-off study may be advisable.
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TABLE 6.7. TECHNICAL CHARACTERISTICS OF ALTERNATIVE STORAGE 
SUBSYSTEM TECHNIQUES 

Storage Energy Energy Storage Estimated Service 
Subsystem Efficiency, % Density, kwh/m 3 ] Life, Years 
Technique High Low High Low High Low 

Compressed fas
 
Storage (Mechanical) 98 75 0.016 0.0094 20 5
 

Metal Hydride
 
Storage (Chemical) 95 75 0.042 0.028 10 3
 

Notes: 	Efficiency estimates for storing and pithdrawal of gases from storage. Storage sub
system assumed to be located close to production subsystem so that transmission losses
 
are neglible.; Daily duty cycles assumed so that no gases are lost during storage.
 
An iron-titanium alloy is taken as the basis for computing the energy storage density.
 



Little data have been published concerning.the operation and performance of
 

metal hydride storage devices for energy storage applications. Some data
 
(29,47)


are available from Brookhaven-National Laboratory , and some operating
 

data have been made available informally by Public Service Electric and
 

Gas Company(48 ) for their Maplewood Laboratories Test Facility. Both these
 

sources of information refer to an iron-titanium hydride compound as the
 

hydrogen storage medium. This material is relatively inexpensive, and the
 

raw materials are readily available, hence this iron-titanium hydride
 

alloy storage subsystem may be the most practical for near-term applications.
 

The data in Table 6.7, therefore, refer to this particular hydride material
 

in the storage subsystem.
 

Efficiencies as high as 95 percent have been measured for hydriding and
 

dehydriding these small capacity (14 lb of H2, max.) devices. Hence the
 

upper limit for large metal hydride storage devices, suitable for IUS
 

applications, has been set at 95 percent. However, with scale-up of the.
 

prototype devices there is a problem with ensuring adequate mass flow and
 

heat transfer through the alloy particle bed(s). BNL is addressing this
 

problem of building large storage capacity modules, and have looked at
 

three basic types of design so far (a) the conventional shell and tube,
 

(b) the "crosd-flow"design, and (c) the fluidized bed concept.(29) All
 

three designs have some undesirable features, and the final storage design

has not yet been selected. Other alternatives may be considered. In the
 

meantime, it could be more realistic to assume that large capacity sub

systems would have an energy efficiency of about 75 percent.
 

Whether the high efficiency values will ever be achieved may depend on
 

economic rather than technical factors. Also such high values assumes that
 

the storage subsystemis located near to'the production subsystem, so that
 

transmission losses are negligible. Also losses during "hold" times are
 

assumed negligible, which may be true for a .dailyduty cycle. If these
 

assumptions do not hold, then the efficiency obtained could be lowered by
 

up to 10 percent from that indicated in Table 6.7.
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For compressed gas storage subsystems, the energy storage density is based
 

upon data from studies associated with Reference 49 wherein the hydrogen
 

and oxygen were compressed to 1000 psig and stored in suitable steel
 

vessels underground made from the largest available pipe with welded end

caps and manifolds. Because the volume of gases to be stored depends on
 

the efficiency of utilization in the conversion subsystem, the energy
 

storage density can vary, unless the gases are compressed by varying amounts
 

for a fixed volume and given delivered energy. For example, with a fuel
 

cell conversion subsystem working at 60 percent efficiency, and compressors
 

working at 80 and 75 percent efficiency for oxygen and hydrogen, respectively,
 

on a daily duty cycle the energy storage density would be about 14 kWh/m
 

(0.40 kWh/ft3). If the fuel cell and compressor efficiencies are improved
 

(corresponding to the "high" values shown in Tables 6.7), then the energy 

storage density might achieve a value as high as about 20 kWh/m3 (0.57 kWh/ft
3 ). 

For -the low values given for the efficiencies in those tables, the energy 

storage density is about 12 kWh/m3 (0.33 kWh/ft3). Hence, the range given
 

in Table 6.7 is 0.33 to 0.57 kWh/ft3 , in the absence of any other published
 

data.
 

The energy storage density for a metal hydride subsystem will depend 

primarily on the hydrogen absorbing capability of the alloy, its density, 

and the subsystem efficiency, again in conjunction with the energy 

efficiency of the conversion subsystem. For the iron-titanium alloy 

devices the storage density is estimated to fall in the range of 35 to 

53 kWh/m33 (0.99 to 1.50 kWh/ft3 ). The upper value is calculated from data 

given in Reference 48 for a 104 MWh device, and represents the anticipated 

state of the art in 1980, assuming a 100 percent storage efficiency. An 

efficiency of 75 percent is considered more realistic, which corresponds 

to a storage density of 40 kWh/m3 (1.13 kWh/ft3). However, if a device 

were to be built today, it would be far from optimized in terms of design 

and layout are concerned. Therefore, a more conservative value of 

35 kWh/m 3 (0.99 kWh/ft3) has been selected for the low value in Table 6.7. 

The range given, namely 35 - 53 kWh/m 33 (0.99 to 1.50 kWh/ft3 ), is con

sistent with calculations made at BCL for other, but similar, applications. 
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The life of equipment associated with compressed gas storage can be in excess
 

of 20 years, if it is well maintained and not abused. The limiting factor
 

will be probably the life of the compressor seals, which could fail after
 

only about 5 years of continuous, daily service. Until definite operating
 

data are obtained under energy storage conditions; a safe estimate of sub

system life would be 5 to 20 or more years, with the lower value referring
 

to present day applications.
 

Small laboratory-scale hydride storage devices have operated for about
 

1000 cycles (29) which is equivalent to about 3 to 4 years of operation on a
 

daily duty cycle for an energy storage application. Maximum life has
 

yet to be established for large modular subsystem units, hence a conservative
 

estimate of 10 years has been given. During this time period it may be
 

necessary to reactivate the hydride-alloy bed, which in the case of iron

titanium alloys can become deactivated by traces of oxygen, water vapor
 

and some hydrocarbons, for example, which originate in the compression
 

stage.
 

Conversion Subsystem. For present day applications (Table 6.4) the fuel -.
 

cell is the preferred conversion subsystem device; however, in the near-term
 

gas turbines may become sufficiently well developed to merit consideration.
 

Hence the latter will be briefly discussed also, although for IuS applica

tions the fuel cell may be more suitable, or even a combined electrolyzer

fuel cell device (reversible fuel cell or reversible water electrolyzer).
 

The latter concept is considered in detail in Reference 49, and discussed
 

briefly below, because economic advantages can be seen in having one device
 

electrolyze water to give hydrogen and oxygen during charging, and the
 

same device act as a fuel cell to combine these gases on discharging.
 

The fuel cell is expected to exhibit a higher efficiency of operation than
 

the gas turbine because of the removal of the Carnot-cydle efficiency
 

limitation. Pratt and Whitney Aircraft predict a value of 55 peteent for
 

a hydrogen-air fuel cell, and nearly 60 percent for a hydrogen-oxygen fuel
 

cell.(4) Reference 50 gives a range of 50 to 55 -percent for a hydrocarbon
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fuel cell supplied with hydrogen fuel, and air as the oxidant, while advanced
 

hydrocarbon fuel cells are said to have an efficiency of 70 to 75 percent,
 

indicating a potential for long-term improvement. However, unlike water
 

electrolyzers, the enthalpy, Gibbs free energy and entropy terms are all
 

negative for H 2-O2 fuel cells, and in theory the upper efficiency limit
 

is about 84 percent at 298 K (77 F) and atmospheric pressure.
 

Attractive electrolyte, high temperature (Bacon) hydrogen-oxygen fuel
 

cells have performed at 62 to 68 percent efficiency, and Pratt and Whitney
 

Aircraft cells at 63 percent efficiency (5) for pressures up to 420 psia.
 

-General Electric solid electrolyte fuel cells have operated at 53 percent
 
' '
efficiency. Based on the above data, and data presented elsewhere,C38 46 48'51)
 

a low value of 50 percent has been given for the efficiency in Table 6.8.
 

This value has been substantiated in a design (54 ) for a 1200 MWh H2-02 fuel
 

cell subsystem, and a 100 MWh H2O 2 fuel cell subsystem.(49) Over the
 

next decade, if oxygen were to be used as oxidant, then efficiencies of up
 

to 65 percent could be achieved. Higher values at low capital costs will
 

only be achieved through significant R&D efforts on subsystem design and
 

materials.
 

Predictions for the thermal efficiency of a gas turbine are similar, and
 

like the fuel cell, depend on whether air or oxygen is used in the combustion
 

process. If air is used in a converted fossil-fuel turbine (50 '52) the
 

efficiency is likely to be about 30 to 35 percent. If a hydrogen air
 

turbine were to be built an efficiency of about 40 percent has been
 

predicted. (5) With improved regenerator design, and the use of cooled'
 

turbine blades in conjunction with higher inlet temperatures, thermal
 

efficiencies in the range of 55 to 60 percent should be possible in the
 

long term. Hydrogen gas itself is an excellent coolant, and could be used
 

to cool the blades. If oxygen is used instead of air then efficiencies
 

greater than 60 percent have been predicted (53) for aphodid burners. In
 

the near term, however, it is not likely that oxygen will be used in the
 

combustion, and for Table 6.8 a range of 40 to 50 percent has been
 
-selected for possible IDS applications.
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TABLE 6.8. TECHNICAL CHARACTERISTICS OF ALTERNATIVES
 
CONVERSION SUBSYSTEM TECHNIQUES
 

Conversion 
Subsystem 
Technique. 

Energy
Efficiency % 
High Low 

Fuel Cell 65]' 50 

Gas Turbine 50 40 

Power Storage

.Density, kW/m3 


High Low 

0.79 0.59 

Unknown (0.57) 

Estimated Life,

Years
 

High Low
 

a 7 5
 

220 k10
 

0 



3 3 
The-power densities, expressed in kW/m (kW/ft ), for a fuel cell sub

system shown in Table 6.8 are based upon data related to the Pratt and
 

Whitney Aircraft FCG-i Program, and reflect projected values. Early
 
3iistalatdons are likely to have a power density of about 21 kW/m
 

-(0 59 kW/ft 3) while later installations may achieve a value of about
 

28 kW/m3 (0.79 kW/ft3. Until large fuel cell or gas turbine subsystems
 

are built power density estimates can only be -tentative.. For this reason,
 

only a rough estimate of 20 kW/m3 
(0-.57 kW/ft3) has been assigned to the
 
gas turbine.
 

'Gas turbines may best operate efficiently for relatively short times under.
 

full load, e.g., a peaking application. In order to minimize thermal
 

cycling, and thus promote longer life, gas turbines may have to be kept
 

under a small load, or under essentially no load,.but with enough heat
 

being generated to maintain the energy converter at temperature. This
 

type of operation, if found necessary, would be similar to a "spinning
 

reserve" capability. Lifetimes in excess of 20 years might then be expected
 

for developed units, maintained on a periodic basis. The initial turbines
 

produced, however, may only have a life of about half this value', as
 

Table 6.8 shows, until all problems identified during operation are
 

resolved.
 

Fuel cells are flexible in their mode of operation, and operate efficiently
 

over a broad range (25 to 125 percent) of the nominal power rating. The
 

duty cycle restrictions are therefore minimal, nevertheless, life data
 

are not available for energy storage applications, particularly with hydrogen
 

as fuel. A life of 40,000 hours has been predicted for a similar type
 

of "reformer" fuel cell, hence the estimated range for fuel cell life
 

is given as 5 to 7 years, depending on the number of hours of operation
 

per year.
 

Cost Characteristics. Similar to the previous subsection on technical
 

characteristics, the major subsystem costs will be treated separately.
 

Published.data have been used wherever possible. Just as with
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electrochemical energy storage systems, trade-offs between performance
 

and cost will be necessary when subsystems are specified. However, for
 

the present purposes best estimates have been given for the type of duty
 

cycle and capacity envisaged.
 

Production Subsystem. Capital cost estimates for the electrolyzer have been
 

obtained from the literature and from several manufacturers. The data are
 

shown in Table 6.5. Some caution is suggested for the values, since there
 

appears to be some sensitivity to design operating conditions (i.e., voltage,
 

current density, temperature, and pressure). Electrolyzer capital costs
 

have been escalating steadily to present day levels ranging over 100-150
 

$/kW (hydrogen equivalent produced). Inclusion of auxiliary equipment,
 

shipping, insurance, and installation can easily drive the cost beyond
 

300 $/kW [or about 9900 $/kg (4500 $/Ib) of hydrogen].
 

As indicated in Table 6.9, about 20 percent of the installed cost con

stitutes delivery and installation. Of the remaining 260 $/kW about
 

40 $/kW covers power conditioning equipment(495455) That leaves
 

220 $/kW for the electrolyzer and auxiliary equipment (e.g., stills,
 

deoxygenator for the hydrogen and dryers).
 

Manufacturer's information suggests a start-up cost of 25 $/kW, and literature
 

data indicate 2 mills/kWh for O&M. Salvage value is taken to be 25 $/kW for
 

the common electrode materials (e.g., iron, nickel, cobalt). This could be
 

easily exceeded for noble metal electrode/electrode catalysts being con

sidered for high performance electrolyzers.
 

Storage Subsystem. Various literature sources have reported cost estimates
 

for compressed gas storage.
 

* 	9-12 $kWh for 6.9 MPa (1000 psig) storage at a 

50 percent round trip efficiency ( 4 9 ) 

* 	 8-12 $/kWh (4-6 for commercial pressure bottles, 

4-6 for compressors) for hydrogen and oxygen 
(5 ,38 )


storage
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TABLE 6.9.' 'COSTCHARACTERISTICS OF A PRODUCTION SUBSYSTEM
 

• Capital Cost Installation Start-Up O&M Salvage
 
Subsystem (Electrolyzers) Cost, Cost, Cost, Valve,
 
Type $/kW $/kW $/kW $/kWh $/kW
 

Water
 
Electrolysis 150-270 60 25 0.002 25
 

Notes: (1) Costs based on the hydrogen equivalent delivered to storage.
 
(2)Low temperature, commercially available electrolyzers used as basis for 0&0 cost.
 



* 	34 $/kWh for 13.8 to 17.2 MPa (2000-2500 psig)
 

storage (29)
 

.
6 10-34 $/kWh (50 )


The last range of values, which was also based on BCL analysis, is listed
 

in Table 6.10. The higher value represents current technology.
 

For installation, about 10 percent of storage capital costs should be
 

appropriate for hydrogen storage (about twice that if both hydrogen and
 

oxygen are stored). O&M is estimated to be roughly 3 mills/kWh. Salvage
 

should be nominally 5 $/kW.
 

For hydride storage, here, too, various costs have been estimated in the
 

literature.
 

* 	14-70 $/kWh capital cost for an iron-titanium
 

alloy subsystems (51) for 1-5-hr discharge periods.
 

o 	16 $/kWh for a similar hydride storage in a 26 MW,
 
(29 )
 

260 MWh installation
 

In Table 6.10 a range of 16-50 $/kwh for less than 10-hr discharge has been
 

selected.
 

Installation costs for hydride storage are expected to range 60-100 $/kW
 

over the near term. Start-up costs depends on the activation procedure
 

used to condition the material for hydrogen abosrption/desorption. A
 

material is available that removes the necessity for activation(56);
 

however, its present cost is about 3 to 4 times the goal of 1.10 $/kg
 

(0.50 $/lb). O&M costs are suggested to be 3 mills/kWh(55). A salvage
 

value of 80 $/kW is assumed on the basis of recovery of the iron

titanium alloy at present day cost.
 

Conversion Subsystems. Conversion subsystem costs are summarized in
 

Table 6.11.
 

Current conventional fuel gas turbines cost 100-135 $/kW. Hydrogen-fueled
 

machines operating at higher turbine inlet temperatures should cost at least
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TABLE 6.10. COST CHARACTERISTICS OF ALTERNATIVE STORAGE SUBSYSTEM TECHNIQUES 

L 
'Storage CapitAl Cost, Installation
Subsystem $/kwh Cost, $/kw, 
Technique High Low High Low 

Compiessed Gas 
Storage (Mechanical) a 34 10 60 30 

Metal Hydride 
Storage (Chemical) (h)  50 16 100 60 

(a)Storage pressures assumed In the range of 1000-2000 psi. 
(b)Iroh-titanium alloy assumed. 

Start-Up 

Cost, $/kW 

10 

50 

004 Cost, 

0/1Wh 

0.003 

0.003 

Salvage
Value, 

$/kW 

5 

80 



SUBSYSTEM TECHNIQUESTABLE 6.11. COST CHARACTERISTICS OF ALTERNATIVE CONVERSION 

Power Related
 
Conversion Capital Cost,(a) Installation Start-Up O&M Salvage
 

b

Subsystem WkW Cost, Cost, Cost, Value .)
 

Technique High Low $/kW $/kW $/kWh $/kW
 

Fuel Cell 390 190 60 25 0.002 


Gas Turbine 135 100 <60 <25 0.005 ?
 

(a) Includes costs of auxiliary equipment such as heat'exdhangers, 'controls, reformers where necessary, but
 
not cost of power conditioning equipment.
 

(b) Salvage value based upon anticipated materials costs for initial installations.
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the higher value. Experience with conventional machines suggests installation
 

costs of about 60 $/kW, and start-up costs less than 25 $/kW. O&M are taken
 

to be 5 mills/kWh based on escalation of a reported 1.9 mills/kWh(5 5 ) and
 

allowance for higher maintenance costs. Salvage can be taken as no value,
 

a practice adopted by some utilities for peaking gas turbines.
 

For fuel cells, again, the literature contains wide ranges of costs
 

* 	200.$/kW for hydrogen-oxygen fuel cell(
4 6,4 8)
 

* 	140-290 $/kW
(5 5 )
 

* 	150-300 $/kW 
(5 7 )
 

* 	350 $/kW has been estimated by the Synthetic
 

Fuels Panel capable of 16,000-hr operation.
 

* 	150 $/kW goal for Pratt & Whitney Aircraft's
 

FCG-i reformable fuel cell in mass production
 
(5 8 )
 

quantities--not likely to be met


.
* 175 $/kW in the long term(49,51)
 

In Table 6.11, a long-term estimate of 190 $/kW has been adopted and 390 $/kW
 

for near-term fuel cells (including beat exchangers, controls, and related
 

equipment).
 

Installation costs are reported to be about 60 $/kW (4 6 ) . Start-up should
 

be similar to that for electrolyzers. 0&M has been estimated to be 2 mills/
 

'5 5'5 9 )
kwh based on escalation of the literature value of 1.5 mills/kWh (4 8 .
 

Salvage is estimated at 85 $/kW based on recovery of noble metal from the
 

(4 9 )
electrodes, which represent one-fourth of total.fuel cell costs .
 

Net Replacement Costs. Data for projected life'of the subsystems have been
 

combined with capital cost estimates to Aerive replacement costs shown in
 

Table 6.12. For the storage subsystem, an average discharge time of 6 hr
 

has been assumed based upon data given in Table 6.13. Installation costs
 

.and salvage value have not been included.
 

Beyond 1995, decreases in capital cost will be relatively small unless a
 

breakthrough in material technology occurs. However, a continuing improve

ment in both performance and life can be expected.
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TABLE 6.12. ESTIMATED SUBSYSTEM REPLACEMENT CAPITAL COST/TIME SCHEDULE
 

Subsystem Years After Installation
 
Alternative 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
 

Water 270 170 150
 
Electrolyze
 

Compressed Gas 204 105 60
 
Storage
 

Metal Hydride 300 255 108
 
Storage
 

Fuel Cell 390 280 230 	 195
 

Gas Turbine 135 120 110 	 100
 

Power 80
 
Conditioning
 

Notes: 	 1975 is assumed to be the installation date of the original subsystem equipment. The power
 
conditioning equipment is expected to have a life of 20 years or more. Costs given as $IkW
 
in 1975 dollars. Does not include installation costs. Average discharge'duration assumed
 
to be 6 hours. Salvage values not included.
 



TABLE 6.13. SUMMARY OF ESTIMATED TOTAL ENERGY STORAGE SYSTEM CAPITAL COSTS 
FOR VARIOUS SYSTEM CONCEPTS
 

Production,
 
Power StorageCe) and Installation Total E/S
 

Number of Installed EISb Available Discharge Conditioning Conversion and Start- Systen Capital
 
TUS Generators System Capacity( ) Capacity Time Subsystem Subsystem Cost Up Cost Cost(d)
 

( )
Application Installed Concept a kWh kWh hr Cost, $/kW $/kW $/kW $/kW
 

(1)1000-Unit 5 A 1,494 1,056 4 80 796 240 1,116
 
Apartment 4 5,750 4,065 7 80 876 240 1,196
 

5 B 1,494 1,056 4 80 860 320 1,260
 
4 5.750 4,065 7 80 978 320 1,378
 

(2)Village 7 A 4,497 3,179 2 80 712 240 1.032
 
Complex 6 47,579 33,638 11 80 870 240 1,190
 

7 B 4,497 3,179 2 80 737 320 1,137
 
6 47,579 33,638 11 80 969 320 1,369
 

(a)Subsystem identified in Table 6.4.
 
(b) A 50 percent round trip efficiency assumed.
 
(c) Based upon instailed capacity.
 
(d) Initial installed capital cost based upon 1975 cost estimates for delivered capacity.
 



Total Energy Storage Concept Costs. Cost data for the candidate chemical
 

energy storage concepts are assembled in Table 6.13. An optimistic
 

round trip efficiency of 50 percent has been assumed in calculating the
 

installed capacity requirements for several IUS scenarios implemented
 

in 1975 (see also the discussion in Volume II). Overall efficiencies
 

are summarized in Table 6.14. As expected, short discharge time and small
 

capacity result in low capital costs (Table 6.13). Comparison with
 

results from Section 5 on electrochemical energy storage indicates that
 

chemical energy storage would be less efficient and at least twice as
 

expensive.
 

If installation is deferred until 1985 and cost reductions indicated in
 

Table 6.12 are realized, a 30-35 percent reduction in total capital costs
 

could result, as shown in Table 6.15. Note that Concept A, using com

pressed gas storage, offers a potential for lower capital costs than
 

Concept B, which uses metal hydride storage. A further reduction could
 

be attained if a reversible water electrolyzer (46) or reversible fuel
 

cell (54) was used to combine the production/conversion functions into
 

one device. In that case a modified Concept A might cost 947 $/kW in
 

1975, or 534 $/kW if deferred to 1985 (assumptions include round trip
 

efficiency of 50 percent, installation/start-up cost of 180 $/kW,
 

7-hr discharge and reversible device costs of 400 $/kW in 1975, and
 

150 $/kW in 1985).
 

Research and Development Opportunities
 

As a consequence of a review and analysis of state of the art and advanced
 

technology, as well as attendant economics, related to chical energy '
 

storage, it has been concluded that the most viable candidate concept for
 

near-term application to an IUS installation would be Concept B. The
 

potential is high for-Concept D farther in the future. It is appropriate
 

to conclude this &ection by addressing the R&D needed to achieve practical
 

commercial implementation.
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TABLE 6.14. 	ESTIMATED OVERALL ENERGY STORAGE SYSTEM ROUND-

TRIP EFFICIENCIES FOR VARIOUS SYSTEM CONCEPTS
 

Candidate 	 Subsystem System
 
System Estimation Efficiency Round-Trip 
Concept (a) Limit Contributions0 ') Efficiency, Percent
 

A High 
Low . 

90 x 98 
77 x 75 

x 65 
x 50 

x 95 
x 90 

55 
26 

B High 
Low 

90 x 95 x 65 
77 x 75 x 50 

x 95 
x 90 

53 
26 

C - High 
Low 

90 x 98 x 50 x 95 
77,X 75 x 40 x 90 

42 
21 

D High 
Low 

90 
77 

x 95"x 50 x 
x 75 x 40 x 

95 
90 

41 
21 

(a) Syst.em concept Identified in Table 6.4.
 
(b) Subsystem efficiency values listed in the following order; production,
 

storage,, conversion, and power conditioning.
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TABLE 6.15. 	 EFFECT OF IMPLEMENTATION TIME FRAME ON CAPITAL COST OF 
CHEMICAL ENERGY STORAGE 

Candidate 	 Installed Cost, S/kW (a) 
System . Iiplementation 1000-Unit Apartment Village Complex 
Concept Time 5 generators 4 generators 7 generators 6 generators
 

A Imediate
 
(1975) 1,172 1,317 1,076 1,509
 

Near term
 
(1985) 	 791 844 755 915
 

B Immediate
 
. (1975) 1,343 1,555 1,201 1,838
 

Near Term
 
(1985) 922 1,013 861 1,135
 

(a)Values are 1975 dollars. Immediate (1975) time frame data from Table 6.13.
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A review of ongoing programs in water electrolysis reveals that activities
 

aimed at obtaining major performance improvements are concerned with
 

achieving higher operating temperature and pressure and increased electrode
 

surface area and catalytic activity. At the present time the performance
 

limitation imposed by the oxygen electrode should receive the most emphasis.
 

The scheduling of achievement places hope for attaining 80 percent energy
 

'(thermal) efficiency by 1980, 90 percent by 1985, and near 100 percent by
 

1990.
 

With regard to compressed gas storage for Concept B, there is a need for
 

high strength materials that are not susceptible to hydrogen embrittlement
 

and yet amenable to low cost fabrication and inspection methods. Composite
 

materials used in a winding fabrication technique merit consideration. The
 

merits of a regenerative compressor for an IUS energy storage duty cycle
 

should also be investigated.
 

The use of metal hydride storage for Concept D awaits further development
 

beyond laboratory-scale experimentation in order to accumulate operational
 

and component life data. Other studies should be conducted to determine the
 

most efficient hydride bed heat transfer concept. Here again container
 

materials are needed, not only to resist hydrogen embrittlement, but
 

reactant corrosiveness and fatigue caused by thermomechanical cycling. The
 

economic processing of hydride-forming metals and their long-term stability
 

to contaminants (e.g., oxygen, nitrogen, and water vapor; also, oil from
 

hydrogen compressors) also warrants attention.
 

The principal problems associated with fuel cell applications are still the
 

extension of service life and reduction of cost, and both are related to
 

the amount of noble metal electrode/electrocatalyst used in a cell.
 

Erosion problems caused by gas evolution at the electrodes of cells
 

capable of reversible operation suggest the desirability of abandoning
 

particulate catalysts in favor of solid electrodes.
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Alkaline electrolytes indicate promise of reducing corrosion problems and,
 

therefore, increasing cell life. They also offer the opportunity for
 

developing nonnoble metal electrodes/electrocatalysts (e.g., Raney nickel).
 

However, they do introduce a potential problem of cell performance reduction
 

because of carbonation, which can be alleviated by CO2 scrubbers or by
 

careful sealing and minimal use of organic-based materials.
 

Although increasing operating temperatures can improve cell performance
 

(and may obviate the need for expensive electrode catalysts), there is an
 

accompanying increase in the severity of corrosion and sealing problems.
 

The water vapor partial pressure is also increased as is the chance for
 

the occurrence of a "vapor-polarization" effect; increased operating
 

pressure can, however, provide compensation to inhibit this behavior. It
 

is clearly desirable to have the cells designed for the higher pressure/
 

temperature regime without a disproportionate increase in materials and
 

fabrication costs. Finally, as with other subsystems, considerable develop

ment effort will be needed to scale up an acceptable design and to obtain
 

substantial operational data. Beyond thaL, fabrication techniques will
 

have to be adapted for mass production in quantities sufficient to meet
 

IUS application demand.
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7. COMPRESSED AIR ENERGY STORAGE
 

Basic Aspects of Compressed Air Energy Storage*
 

Compressed air energy storage is generally visualized as a functional
 

modification of the open-cycle combustion gas turbine, a prime mover whose
 

popularity for such applications as utility peak shaving stems from a com

bination of low first cost and quick-start capability. The modification
 

is logically derived from the fact that a disporportionate allocation of
 

expansion turbine shaft power is used for compressor operation rather than
 

for external application. If this feature of the gas turbine could be
 

circumvented, then practically all of the turbine shaft power could be
 

dedicated to turning an electrical generator. One method of-realizihg this
 

change would be to separate the compression operation from the remainder
 

of the gas turbine cycle. That is, compressed air could be stored in
 

sufficient quantity tp later operate the hot gas generator (combustion
 

chamber and turbine) over a desired discharge period. Variations on this
 

basic approach can be devised by altering the energy management during the
 

various thermodynamic vrocesses of the cycle.
 

The operational essentials-of the compressed air-energy storage technique
 

can he described with th aid of Figure 7.1. In Figure 7.1 (A), the machinery
 

is set up for the catging mode. That is,
 

" 	The synchronous machine (operating in a motor mode)
 

is coupled to the compressor but not to the turbine.
 

* 	When the motor is started and is drawing power from
 

the IUS power grids the compressor is motor driven
 

to charge the air storage facility. -Ideally, the
 

charging process would be adiabatic.
 

* 	 Much of the material in this,,subsection is based upon Battelle contributions 

to Volume II 'of Reference 1. 
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* 	Upon completion of the charging process the storage
 

facility would be placed on standby with the isolation
 

valves closed and the motor disconnected (mechanically
 

from the compressor and electrically from the power
 

grid). Also ideally, the storage process would be
 

adiabatic during the holding time period.
 

In Figure 7.1 (B), the machinery is arranged to illustrate the discharge mode. 

That is, 

O The synchronous machine (operating in a generator 

role) is coupled to the turbine. 

* 	When the discharge valve is opened, air is allowed
 

to reach the turbine,for a "windmill" start.
 

* 	The combustion chamber is fired, and the turbine is
 

accelerated to synchronous speed with appropriate
 

controls.
 

* 	The generator is connected to the IUS power grid, and
 

power generation can be continued until the usable air
 

mass in the storage facility has been depleted.
 

Several important observations can be keyed to the schematics of Figure 7,1.
 

First, the split in the conventional gas turbine cycle operation by the
 

intervening air storage operation obviates the necessity for the careful
 

compressor/turbine matching required in the conventional machine. Second,
 

-if available charge time exceeds the discharge time, the high mass flow
 

capability of the axial flow compressor is no longer a necessary and
 

restrictive requirement. Third, the "blowdown" discharge operation for
 

useful power generation readily identifies the critical design/operating
 

variables as (1) air mass storage capacity, (2).airflow rate handling
 

capability, and (3) energy addition by heating. Mass storage and flow
 

rate together govern the duration of power generation; whereas, flow rate and
 

energy addition determine the power level available.
 

Yet another important feature to be noted in Figure 7.1 is the pivotal
 

nature of the compressed air storage facility, which is depicted as a
 

closed vessel accessible from the compressor or to the hot gas generator
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only through the piping and valves shown. The design variables for the
 

storage facility are intuitively obvious, viz, (1) the material nature of
 

the storage vessel, (2) the elevation of the vessel referenced to ground
 

surface, (3) the pressure, temperature, and heat transfer capability (note
 

that heat and mass removal/leakage from the stored air constitute system
chargeable losses), and (4)method of discharge flow control to produce
 
desired conditions at the entrance to the hot gas generator. The first two
 

variables suggest options for man-made or naturally occurring reservoirs;
 

the third variable is keyed to the first two, and the fourth depends upon
 

the characteristics of the discharge valving arrangement.
 

In closing this introductory subsection, it is worth noting that a con

siderable literature inventory has been built up in recent years, and, as
 
mentioned in Section 2, the potential for premium fuel conservation has
 

accelerated study of the compressed air energy storage alternative.
 

References 1-49 provideready access to this information base.
 

Alternative Approaches for Implementation
 

Without further elaboration, the basic gas turbine cycle represented in
 

Figure 7.1 could be readily modified into a variety of cycle alternatives.*
 

* Split simple cycle
 

o Basic split-cytle
 
o Compressor interstage and/or after cooling
 

incorporated
 

o Regenerative fuel vaporization added
 

o Regenerative air preheating added
 
o Turbine (interstage) reheat incorporated
 

0 
 Thermal energy storage substituted for heat
 

rejection to expendable cooling water used in
 

compressor interstage/after cooling
 

* 
Combined cycle (split gas turbine and complementary
 

steam turbine).
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Not only are there alternatives possible with the basic thermodynamic cycle,
 

there are also many more choices available in the major subsystems, i.e.,
 

air compressor, air storage facility, and air beating. Air compressor
 

alternatives include: (1) axial flow, (2) axial flow with centrifugal
 

boost, (3) centrifugal, and (4) reciprocating. Air storage facility
 

alternatives can be classified as including: (1) fabricated pressure
 

vessel and (2) geological-mass integral reservoir (both artificially
 

created and naturally occurring reservoirs). Artificially created
 

reservoirs are associated with the intentional removal of geological
 

material for commercial recovery and/or air storage, and they include hard
 

rock excavations, solutionmined cavities, depletedoil/gas reservoirs, and
 

abandoned mines. Naturally occurring reservoirs include caves and aquifers.
 

Another multiplication of alternatives for the air storage facility arises in
 

connection with the fluid mechanics during discharge. A constant volume
 

storage facility exhibits pressure decay in proportion to rate of mass with

drawal during discharge. This behavior w6uld necessitate a rather complex
 

valving arrangement to provide simultaneous control of.mass flow and pressure
 

level at the entrance to the hot gas generator. It may also happen that the
 

peak-to-peak pressure variation for the full duty cycle might be unnecessarily
 

or undesirably high and could lead to wall material fatigue.. A method of
 

achieving constant pressure operation by hydrostatic compensation is illustrated
 

in Figure 7.2. In Figure 7.2 (A), a bulk water reservoir is used, and in
 

Figure 7.2 (B) the natural compensation from an aquifer is employed. fNote
 

that in the former, selection of differential height between the water
 

reservoir and air storage facility governs the pressure level of the stored
 

air. In the latter, the storage pressure le-el is set by the inherent pressure
 

of the aquifer.
 

Alternatives to air'heating can be divided into: (1) no fuel addition,
 

(2) conventional constant pressure combustion of different fuels in various
 

burner configuratiQns, and(3) unconventional heating techniques-(e.g,
 

fluidized-bed combustion). The "no fuel" case has been studied in Reference 41,
 

which points out the necessity for using thermal energy storage of the heat
 

of compression.
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The discussion in this subsection is concluded with some remarks regarding
 

suitable site availability. There is a distinct difference in the site
 

requirements for dispersed electric utility substations.and an-IUS applicar
 

tion. A site location for a utility substation remote (up to say 50 miles)
 

from the load center could be tolerated (depending upon electrical transmission
 

costs); but, in an IUS installation, the compressed air energy storage
 

machinery must be housed with or near the baseload generating equipment.
 

Since extensive pneumatic transmission lines would be prohibitively
 

expensive, the air storage facility (if it is integral with a geological
 

mass) must be located essentially beneath the IUS load complex (apartment or
 

village). Although a paper reconnaisance of geology conducted during the
 

study reported in Reference 1 suggested that suitable sites should be available
 

near many utility load centers, this observation is much too coarse to be
 

applied directly to the IUS. Therefore, it is concluded that underground
 

compressed air storage application to IUS would be site limited (especially
 

in the case of the apartment complex).
 

Evaluation of Selected Candidate Compressed Air
 
Energy Storage Concepts for IUS Application
 

Selection of Candidate Concepts
 

In the previous subsection, it was suggested that numerous alternative
 

implementations could be postulated for: (1) thermodynamic cycle details,
 

(2) air compressor designs, (3) air storage facility arrangements (both
 

configurationand'pressure control), and (4) air heating devices/fuels.
 

Obviously, the number of possible combinations is unwieldy. However, based
 

upon experience in support of the work reported in Reference 1, three
 

concepts, each having distinctive features, have been selected for preliminary
 

evaluation and ate identified in Table 7.1. The IUS requirements to which
 

they must be matched atesummarized in Table 7.2.
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TABLE 7.1. 	IDENTIFICATION OF CANDIDATE COMPRESSED AIR ENERGY STORAGE
 

CONCEPTS FOR IUS APPLICATION
 

Candidate Not Gas
 
Concept Cycle Air Compressor Air Storage Facility Generator Fuel
 

A Split 	 Axial flow with Fabricated steel Conventional No. 2 Distillate 
simple centrifugal casings with oil 

cycle gas boost and hydraulic 
turb'ne aftecoolia; tompen-.4,t-

B Split 	 Axial flow with Bard rock (granite) Conventional No. 2 Distillate 
simple cetrifugal excavated cavity; oil 

cycle gas boost and uncompensated 
hurbine afterooling 

C Split Axial flow with Hard rock (granite) No burner None 
simple centrifugal excavated cavity 

cycle gas boost. No uncompensated plus 
turbine aftercooling 	 thermal storage
 

&avity filled with
 
ceramic elements
 

TABLE 7.2. POWER/ENERGY REQUIREMENTS FOR COMPRESSED AIR ENERGY
 
STORAGE APPLICATION TO IUS SCENARIOS 

No. of Baseload Peak Power Output Required Energy Storage 
IDS Application Generation Units From Storage, MW Required, N14h 

0.4 	 1.3
1000-Unit Apart- 5 
ment Complex . 4 0.9 4.9 

*Village Complex 7 	 2.9 3.8 

6 	 7.7 40. 
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Candidate Concept A. Because fabricated pressure tanks in large sizes
 

(volume) are very expensive (about $5000 for a 5.7- 3 (200 ft 3)) vessel rated
 

at 13.8 MPa (2000 psi), a concept of using oil/gas-well casing described in
 

Reference 33 appears to have considerable merit. As sketched in Figure 7.3
 

for an IUS installation, an array of holes would be drilled into the ground,
 

cased and cemented. However., this string would be manifolded at the bottom
 

as well as the top. Isolation valves could be provided for each string to
 

enhance operational availability of the facility in the event of individual
 

casing failure. The depth, casing diameter and number of holes would be
 

cost-optimized to satisfy the volume requirements associated with the energy
 

storage and.the operating pressure level desired.*
 

Hydrostatic compensation has been chosen to allow constant pressure operation
 

(about 213 m (700 ft) of hydraulic head, exclusive of line losses, would be
 

required for a hot gas generator pressure ratio of 20), and thus minimize
 

mechanical fatiguing of.the casings.'
 

The choice of hot gas generation parameters is quite conservative; cycle
 

pressure ratio of 20 and turbine inlet temperature of 1144 degK (1600 degF).
 

For convenience, the parametric results published in References 7 and 28 have
 

been used for performance estimation in this study. For these conditions, a
 

specific storage volume requirement of 0.28 m3/kWh (10 ft3kWh) is indicated.
 

Candidate Concept B. In Concept B, the air storage facility becomes a
 

cavity excavated from a suitable hard rock geological mass (say granite or
 

dolomite) as sketched in Figure 7.4. Further, because-site matching with a
 

water reservoir may pose some difficulty, the idea of constant pressure
 

operation (as in Concept A) has been sacrificed for constant volume operation
 

(therefore, vari&ble-eavity pressure). Since constant supply pressure to
 

the burner is still desirable to keep the hot gas generator operating near
 

design point pressurg .ratiok.,"-a trade-off has-been made, namely, cost of a
 

* 	 Note that this method 'is.really a variant of the "line-packing" technique 

suggested for gas storage in Section 6. 

** 	 Turbine speed control'is effected by fuel control, which, in turn, determines 
turbine inlet temperature.' 
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hydraulic compensation reservoir and vertical shaft for a set of throttling
 

valves and associated controls, as well as an increased compressor charging
 

pressure capability.
 

The 20-to-i pressure ratio of Concept A becomes the minimum for the cavity in
 

Concept B. This can be obtained by locating the cavity at a depth of 207 m
 

(680 ft) below surface in order to use the geostatic pressure gradient. Then
 

the compressor must be capable of 40-to-i pressure ratio to provide working
 

air above the cushion gas. The remainder of the subsystem components are
 

the same as for Candidate A.
 

Candidate Concept C. The issue of premium fuel conservation is addressed
 

directly with Concept C in which power generation (i.e., discharge mode of
 

operation) is accomplished without fuel burning. The basic subsystems
 

adopted here are the same as for Concept B, with two major exceptions:
 

(1) no combustion chamber and associated fuel supply/controls and (2) the
 

insertion of a thermal storage cavity between the compressor and the main
 

air storage cavity.(see Figure 7.5). This thermal storage cavity would
 

contain suitable media such as a bed of refractory pebbles or perforated
 

brick. The necessity for thermal storage to make this concept practical
 

has been demonstrated on thermodynamic grounds in References 41 and 47.
 

Technical Characteristics of Candidate Concepts. Attention is focused on
 

rendering a technical characterization of the three candidate concepts
 

selected for the IUS application. This representation is made in terms of
 

the following:
 

* System efficiency figure of merit 
* Power/energy density 

* Hardware availability 

* Transportability 

* Operational availability/reliability/maintainability 

* Useful life 

o Safety considerations 
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Expansion capability
 
O Environmental concern.
 

System Efficiency. Unlike the other energy storage technologies, compressed
 

air energy storage that retains the hot gas generator feature of the gas
 

turbine consumes fuel twice--once during charge (as base load generation
 

fuel) and again during discharge (as burner fuel). The meaning of overall
 

system efficiency, then, must be carefully considered. Here, the efficiency 

figure of merit used in Reference 1 is selected*; it is termed an "energy 

storage efficiency", nES' and is defined by 

nEC
 
=
TES nBL'
 

where nEC is the energy conversion efficiency of the compressed air energy
 

storage installation and nBL is the energy conversion efficiency of the base
 

load generation equipment (here, the diesel electrics chosen for the IUS
 

scenarios).
 

Now, YEC and lBL are defined by
 

EOUT
 
nEC AS + ESC/GT 

and 
EOUT 

-BL BL ' 

where 

EOUT is the anticipated electrical energy capacity of the 

compressed air energy storage unit 

EBL is the fuel heat rate of the base load generation 

equipment (here taken as 10,239 Btu/kWh for the IUS 

diesel electrics) 

EAS represents the energy from the base load generation 

that is required by the compressor to inject air into 

the storage facility; it can be determined from 

EAS = EBL/ (compressor thermal efficiency) 

* Investigations have differed in the choice of methods for computing
 
"efficiency" (e.g., see Reference 37 for an alternative suggestion).
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ESC/G T is the fuel heat rate for the split cycle gas
 

turbine (here optimistically estimated as 2750 Btu/
 

kWh for the hot gas generator previously described, i.e.,
 

pressure ratio of 20 and turbine inlet temperature of
 

1144 degK (1600 degF)).
 

Assuming a compressor efficiency of 85 percent,
 

EBL 10,239 =069 

nES EAS + ESC/G T 12,046.+ 2750 

for candidate Concepts A and B. This energy storage efficiency is comparable
 

to the "round-trip efficiencies" used for the other technologies.
 

For the limiting no-fuel concept (Candidate C), ESC/GT = 0 and the maximum
 

energy storage efficiency becomes equal to the compressor efficiency (in
 

this case 85 percent). Note that this is an optimistic approximation,
 

because allowance has not been made for the real efficiencies of thermal
 

energy storage and turbine expansion. To do that, it is convenient to
 

rewrite the expression for fES as
 

EBL
 

nES = tBL + ZBL 

(compressor thermal)(thermal storage) (turbine expansion) 
efficiency efficiency efficiency 

which, for some heuristic choice of component efficiencies, becomes
 

1
 

= 0.40 
1 + 1 

nES 


(0.85) (0.85) (0.90)
 

for candidate Concept C. The point being illustrated is that efficiency
 

has been traded off for relief from burning premium fuel in a hot gas
 

generator.
 

Charge/Hold/Discharge Characteristics. The charge/discharge characteristics
 

of all three candidate concepts are basically related to adequate.allowance
 

for line losses (i.e., equivalent friction losses associated with flow
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through casing, valves, fittings) in the pneumatic circuits. Line size
 

will, of course, be determined by which ever mode (charge or discharge)
 

has the highest mass flow rate (which, in turn, is governed by the lowest
 

time available for the operation). Concept C posses an extra equivalent
 

circuit pressure drop owing to the thermal storage medium. There is also
 

the problem of the time varying characteristics of the air temperature
 

during discharge that must be consider in the control of power generation.
 

As implied in previous discussions, Concept A can approximate full discharge
 

(i.e., 100 percent depth of discharge) in that the water from the hydro

static compensation shaft can be allowed to fill the air storage volume. In
 

Concept B, the cavern can generally be discharged to the local geostatic
 

pressure level (considerations of cavern integrity makes it inadvisable
 

to cycle below this pressure); this could correspond to 100 percent
 

discharge if the maximum pressure is high enough. The-discharge depth
 

of Concept C is similar to Concept B.
 

With regard to holding characteristics, the principal problems to be noted
 

are mass leakage and heat losses. Concept C is the most vulnerable since
 

it involves both the most storage volume in excavated rock and relatively
 

high (approximately the adiabatic temperature of compression) temperature
 

levels in the thermal storage cavity.
 

Power/Energy Density. For-compressed air energy storage concepts, it is
 

useful to identify both a power density and an energy density. Power
 

density is defined here as the power generated per unit mass flow through
 

the turbine; it can be expressed in kWlkg/sec (kW/lb/sec). Energy density
 

represents the useful electrical energy extracted per unit of air storage
 

volume; it can be expressed in kWh/m3 (kWh/ft3). According to these
 

definitions, power density characterizes the performance of the hot gas
 

generator subsystem,-and energy density characterizes the size of the air
 

storage facility. Note that the reciprocal of power density is the turbine
 

specific flow rate and that the reciprocal of energy density is specific
 

storage volume. The principal virtue of the density-type-definition is
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that it is performance evaluation oriented (determining what.a given system
 

can do); whereas, the specific flow rate or storage volume is design
 

oriented (determining the system needed to produce a given performance
 

level).
 

In general, the power level of a single unit conventional combustion gas
 

turbine can also be achieved by the hot gas generator subsystem of a com

pressed air energy storage installation. For similarly sized turbines, the
 

conventional gas turbine has only one-third to one-fourth the generating
 

capability of the energy storage split cycle arrangement (recall that in
 

the latter, turbine shaft power is totally dedicated to driving the generator).
 

Thus, presently available individual units in the range of 0.8 - 100 MW would,
 

in the split cycle scheme, be capable of say 2.4 - 300,MW generation.
 

Compared to the peak power capability required of the energy storage concept
 

in the selected IUS scenarios previously listed in Table 7.2, it is clear
 

that single units adapted from existing technology should readily meet the.
 

demand.
 

For the candidate concepts using hot gas generation (Candidates A and B)
 

conservatively designed (pressure ratio of 20, turbine inlet temperatureof
 
- 5
 

1144 degK (1600 degF)), the power density is estimated to be 4.365 x 15


-
kW/kg/sec (1.984 x 10 5 kW/lb/sec). The energy density for Candidate A
 

is 35 kWh/m3 (0.1 kWh/ft3). 

In estimating the performance of the compressed air energy storage candidates
 

it was assumed that air leakage and heat loss during the holding time
 

interval were negligible. Air leakage does degrade overall system performance,
 

because energy is required for air compression, while no useful turbine
 

work is extracted from the lost air. Heat loss during holding is, of course,
 

also system chargeable loss since the energy is not recovered for turbine
 

expansion work,
 

Hardware Availability. The technology of compressed air energy storage is
 

derived from the information/experience base of well established industries.
 

No particularly difficult design/manufacturing problems are expected for the
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associated equipment of candidate Concepts A, B, and C. There are, never

theless, some interesting points to be noted.
 

For Concept A, it is worth reiterating from the description associated with
 

Figure 7.3 that the use of mass-produced oil/gas-well casing for the storage
 

vessel(s) is perhaps the most practical near-term approach.
 

The problem of availability of suitable geological conditions for the under

ground storage caverns used in Concepts B and C generically falls in the
 

present category. In Reference 1, a paper reconnaissance indicated
 

encouraging prospects for having suitable sites available near major load
 

centers for electric utilities. The scale of observation for that study,
 

however, is much too coarse for the present needs. What is required is
 

highly localized geological information for potential IUS locations;
 

this information is, in general, suspected to be lacking and will probably
 

have to be compiled for individual IUS installations by the developer.
 

Transportability. No difficulties in transporting subsystem modules are
 

anticipated, since there is a wealth of experience with peaking gas turbine
 

installations and, for Concept A, casing oil/gas wells.
 

Operational Availability/Reliability/Maintainability. The operational avail

ability, reliability, and maintainability of the compressed air energy
 

storage concepts could differ appreciably from that of the conventional gas
 

turbine, primarily because of the increased number of subsystems and
 

components. At the subsystem .and component level, some similarities can be
 

expected to experience with existing equipment (e.g., compressors, combustion
 

chambers, and turbinesY. ,The least-known subsystem would be the air storage
 

facility, because there is no.relevant 'priorexperience for the daily duty
 

cycles.
 

One of.the problems-that iill affect availability/reliability/maintainability,
 

as well as serfie life, is'corrosion. 'Corrosion protection of in-ground'
 

structures (e.g., well°casings) can be effected in several ways; but, the
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most positive approach would be to provide cathodic protection (in either
 

galvanic or electrolytic mode) in conjunction with a coating.
 

Another form of corrosion, "hot corrosion", can occur fr6m salt contamination
 

of the air supply (either because of a marine environment orthe presence of
 

salt deposits in an excavated storage facility) along with the presence of
 

sulfur or vanadium in the fuel. Since the formation and condensation of
 

sulfur or vanadium sulfates on hot turbine parts can lead'to catastrophic
 

corrosion, it is important to have adequate quality control of these
 

contaminants (e.g., by'having a fuel washing facility).' The relatively low
 

turbine inlet temperature assumed for Concepts A and B makes avoidance of
 

condensation difficult. Concept C, of course, does not have this hot
 

corrosion problem.
 

Useful Life. In Concept A, major subsystems are replaceable as modules
 

with the exception of the hydrostatic compensation portion of the storage
 

system. In Concepts B and C, the storage cavities are not replaceable in a
 

modular sense. Lacking precedence, it appears reasonable to adopt the
 

service life cited in Reference 1, namely, 20-25-years.
 

Safety Considerations. In addition to the hazard sources normally associated
 

with a conventional peaking gas turbine and even the base load diesel

electric sets (viz, electrical equipment, rotating machinery, fuel storage,
 

and high temperature components), there are additional hazards posed by
 

large quantities of'high pressuie gas. Thus, not only are the IUS
 

operational and maintenance crew. exposed but also the general public beyond
 

the immediate bounds of the iUS station. Certainly it would appear
 

imperative to conduct a thorough systems safety analysis.
 

Among some of the readily identifiable potential hazards are:
 

B Rapid-sequential occurrence of seismic-induced 

or cyclic-pressure induced cavern failure,
 

surface subsidence, and fuel tank damage
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* Potential for fire/explosion arising from the
 

injection of lubricant by the compressor into
 

the storage facility components (Concept C is
 

probably most vulnerable to serious consequences
 

because of the thermal storage component).
 

Expansion Capability. The modularity of the major subsystems in a com

pressed air energy storage installation allows system expansion with
 

relative ease. In the case of Concept A, even the storage facility can be
 

expanding by installing,another string of casing (the manifolding for
 

hydrostatic compensation might pose some difficulty). In the cases of
 

Concepts B and C (applicable to A, also) enetgy storage capacity increases
 

would probably be easiest to achieve by increasing storage pressure levels
 

(assuming that unused compressor capability is available).
 

Environmental Concerns. The environmental concerns that are related to the
 

'implementation of a compressed air energy storage concept include
 

* Acceptable land use policy (including aesthetics)
 

* Water quality assurance
 

* Air quality control
 

* Noise abatement.
 

Each of these concerns can be characterized in terms of regulatory activities
 

and likely problems to be confronted in concept implementation1
 

Beyond local/regional planning and -1ocal-zoning requirements, no uniform
 

regulations exist that govern the suitability of surface land use for com

pressed air installations. It can be assumed that the aesthetics of the
 

above ground equipment can be readily satisfied by thesame approach used for
 

the base load generation equipment or by acceptably configured modular
 

enclosures. With regard to the subsurface air storage facility, the
 

principal concerns would be the rather stringent assurance of ground control
 

(i.e., avoidance of surface subsidence) and clear title to mineral rights.
 

The underground facility would have to remain within the boundaries of the
 

surface property unless legal arrangements couldbe made with adjoining
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property owners. Note that of the three candidate concepts under scrutiny,
 

Concept A may have greater difficulty than the others owing to the need for
 

a water reservoir for hydrostatic compensation.
 

A requirement to avoid contamination of potable water supplies by drilling 

operations connected with test bores'"wells") and' operational access bores 

will most likely be mandatory-. Regulations governing-well completion 

piactices are quite compatible with the desirability of isolating the air
 

storage facility to prevent-leakage loss of stored air. This aspect is
 

more of a problem for Concepts-B and C than for A, -which in reality com

prises a group of casedwells connected in parallel.,
 

Conventional gas turbine burner design practice is based upon providing
 

locally stoichiometric combustion in the immediate vicinity of the fuel
 

injectors downstream from'which.mixing with diluent air is promoted to
 

obtain a desired exit temperature profile; Although aoncentrations of NOx
 

can 	be reduced by water injectioi into the-combustion chamber to lower the
 

flame temperaturg, such'a.,measure should not be necessary in view of.the
 

,iow turbine inlet temperature postulated for this study. Obviously the'
 

no-fuel candidate Concept C is not beset with this kind of air quality
 

control problem. However, particulate emission originating from the
 

ceramic medium used in the thermal energy storage cavity could require
 

screening/filtering.
 

A noise problem may occur for the machinery of all three candidate concepts-

depending upon the exposure of people (f-US staff.and-nearby residents) to-the
 

noise, regulations governing such exposure, and the.-noise source(s) itself.
 

Under the rules of the Occupational Safety and Health Act of 1970 (OSHA),
 

maximum allowable occupational (therefore,'of concern to IUS staff only)
 

noise exposure levels are limited by a time-weighted standard covering
 

continuous noise from 90 to 115 db.
 

* 	An exposure to continuous noise greater than
 

115 dbA for any length of time is prohibited.
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An 	8-hour (out of 24) exposure is the maximum
 

continuous period allowed at 90 db and is
 

decreased inversely with intensity (db) to
 

15 minutes at 115 db.
 

Concluding Remarks on Technical Characterization. Based upon the preceding
 

survey of technical characteristics of the three candidate concepts of
 

compressed air energy storage-as applied to the IUS, several summary
 

observations are advanced.
 

* There are no apparent technical barriers to devising
 

split cycle compression/hot gas-generation equipment
 

from existing combustion gas turbine technology. If
 

combustion is to be retained, then multifuel capability
 

must be incorporated in anticipation of shortages of
 

various types and grades of fuels. This situation is
 

inherent with Concepts A and B (Table 7.2). It is in
 

this respect-that Concept C offers an outstanding
 

attribute of not requiring fuel beyond base load
 

generation.
 

O 	 Suitable geological conditions for underground air 

storage facilities may be wanting. It must be 

-remembered that the IUSwill be located where the load
 

center (apartment comple*.or village complex) is sited in
 

order to eliminate transmission and minimize distribution
 

lengths. This prioritization means that compressed air
 

energy storage, regardless of degree of application
 

attractiveness, will be implemented only on an individual
 

case.basis dictated by site qualities.
 

* 	Modularization of major subsystems and components will
 

provide the practical design flexibility desired.
 

Because of the limited scope of the present study, only one of the three
 

candidates, namely, Concept B, is carried beyond the technical icharacterization
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stage into the cost characterization. This decision is rationalized in the
 

following manner. Concept A, as presently viewed, does not offer a clear
 

'cut technical superiority over Concept B, for which a better near-term
 

prospect is supported by previously reported studies. It is suggested,
 

-however, that experience accrued with the NASA Ames Research Center
 

installation of well casings for storage of the air supply for a blow

down wind tunnel (33) be monitored. Concept-C is presently under study by
-two investigators(41,4 7), and should also be monitored;
 

Cost Characterization of a Candidate Concept Selected for IUS Application.-


In Reference 1, it is reported that wide ranges of cost estimates for
 

compressed air energy storage have been found in the literature and that
 

part of this scatter is attributable to the differences in aggregation of
 

cost elements. Most investigators that cite cost breakdowns (other than
 

the fixed/variable cost approach) do identify three basic categories:
 

(1) power-related'equipment costs, (2) energy-storage equipment costs, and
 

(3) operation and maintenance costs. It is the identification of items
 

(i.e., level of detail) for inclusion in each category that distinguishes
 

the results of individual studies.
 

In this study, the information base and basic approach used in Reference 1
 

have been adopted to derive a cost characterization for candidate Concept B
 

(Table 7.1)., Considerations have been given to differences in power/energy

scale and time frames of the source materials.
 

The power related costs for compressed air energy storage are identified
 

here as comprising costs for: (1) compressor*,'(2) hot gas generator,
 

(3) electrical generator, (4) subsystem interfacing equipment (e.g.,
 

clutches), and (5) installation. Energy storage costs are lumped under air
 

storage facility (i.e., storage cavity, access wells, well heads). Under
 

operation and maintenance (O&M) costs, fuel cost has been separately
 

identified in the customary fashion.
 

* 	 A rigorous classification-would place the compressor in the energy storage 

category, since, unlike the conventional gas turbine, the compressor does 

not participate in the'power generation mode of the operational cycle. 
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Compressor costs were estimated from information presented in Reference 7,
 

with adjustments for scale and time frame.
 

To derive a cost for the hot gas generator, a value (1975 dollars) of
 

$118/kW has been chosen to represent the cost of a conventional peaking
 

gas turbine/synchronous generator set. This value is about equally
 

divided between the gas turbine and the generator (i.e., $59/kW for either
 

assembly). Now the compressor represents about one-quarter of the gas
 

turbine cost (judging from aircraft experience). Applying this reasoning
 

here would lead to a hot gas generator cost of $44/kW. As in Reference i,
 

this cost has been fixed for all design points studied (Table 7.2); that
 

is, any cost sensitivity to power level.(one order of magnitude spread)
 

has been neglected.
 

With regard to interfacing equipment costs, the value ,of $5/kW cited in
 

Reference 1 (based upon utility experience) has been adopted here. This
 

value is less likely to be optimistic than for the large scale applications
 

contemplated in that study. Similarly, the" installation cost of $20/kW
 

is also taken from Reference 1 (based-upon utility experience with gas
 

turbine installations).
 

The cost of an air storage facility will depend upon both physical character

istics (volume, geological setting) and construction techniques (civil
 

engineering vs. mining methods). As pointed out in Reference 1, a.data
 

base for hard rock excavation costs is available from extensive experience.
 

Reviewing the material in Reference l'and taking into considerationthe
 

uncertainties attached to a conceptual as opposed to detailed site

specific design and associated construction technique, it is suggested
 

that $50/kWh is a fair estimate for Concept B.
 

A fuel cost estim.te of 7.28 mills/kWh is based on $0.36/gal of fuel, a 

heating value of 136,000 Btu/gal and the estimated hot gas generator heat 

rate of 2750.Btu/kWh. The balance of O&t costs of 10 mills/kWh is estimated' 

from Reference 30 (after allowing for fuel costs). 
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The gross costs for compressed air energy storage Concept B implemented over
 

the near term for the IUS scenarios of Tabie 7.2, is summarized in Table 7.3.
 

These data do not, of course, include development costs, cost of money
 

during construction, nor salvage. The net scenario cost, in life cycle

terms, are treated in Volume II.
 

Opportunities for Research and Development
 

As is well known, the first commercial installation of a compressed air
 

energy storage concept is scheduled for service inauguration in 1977 as an
 
(32,34,48)


adjunct to a utility network in the Federal Republic of Germany
 

The storage caverns for this facility are being created by solution-mining
 

of a salt dome, and the above ground machinery design is being assembled
 

from known technology.
 

Many investigators have identified topics for RDT&E to support the emergence
 

of compressed air energy storage as a viable alternative for energy resource
 

utilization. These topical areas generally fall in the'category of storage
 

facility or turbomachinery considerations. It is believed that for this study,
 

the opportunities for R&D can be simply summed by directing attention to the:
 

scaling and tailoring of hardware to the needs peculiar to IUS application,
 

The scale of observation and thinking applied to'theutility scenario is much
 

too large for the IUS.
 

The smaller scale of the IUS application favors a more rapid advancement
 

toward detailed design for a pilot demonstration installation than for a
 

much'more ambitious utility-scale application.
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TABLE 7.3. 	 SUMMARY OF COSTS FOR COMPRESSED AIR ENERGY
 

STORAGE SUITABLE FOR IUS APPLICATION
 

Item 	 Unit Cost 

Power Related Equipment
 

Compressor $ 30/kw
 

lot Gas Generator $ 44/kW
 

Electrical Generator $ 59/kW
 

Subsystem Interfacing Equipment- $. 5/kW
 

Installation $ 20/kW
 

SUBTOTAL $l58/kW
 

Energy Storage Related Equipment
 

Air Storage Facility (Hard Rock Cavity) $ 50/kWh
 

Operation & Maintenance (0 & N)
 

Fuel (No. 2 distillate oil) 7.28 mills/kWh
 

Remainder of 0 & N 	 10 mills/kWh 
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8. THERMAL ENERGY STORAGE
 

Thermal energy storage systems are defined, for the purposes of this study,
 

as storage systems which are charged and discharged via thd transport of
 

thermal energy across the storage system boundaries. -The actual energy content
 

of a thermal storage system may manifest itself-as a change in-the temperature
 

of a material, as a change in the physical state of a material, or as a-change
 

in the chemical composition of a system. This definition does not include the
 

utilization of thermal energy in thermochemical processes for the production of
 

fuels as this particular concept is considered to be a form of chemical energy
 

storage..
 

Basic Components and Operation
 

Thermal energy storage (TES) systems may be viewed as consisting of a thermal
 

storage material, a vessel for containing the TES material, and a means for
 

transporting thermal energy to and-from storage. A fourth area foi considera

tiot is the method of integrating the thermal store within the energy system
 

under consideration.
 

Thermal Storage Material
 

Most thermal storage concepts can be classified as either sensible storage or 

phase. change storage. Sensible storage involves the addition (or removal) of 

thermal energy to (or from) a material during charging which results in an 

increase (or decrease) in temperature of the storage medium. The average
 

temperature of a sensihlestorage material is, therefore, a measure of the
 

degree of charge (or the energy content) of the thermal storage unit. The
 

thermal energy contained in a sensible storage unit is given by
 

E = MC (T Tref) 
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where
 

E = Energy content, J (Btu)
 

M = Mass of the system, kg (Ibm)
 

C = Specific heat of the storage material, J/kg K (Btu/lbm F) 

T = Temperature of the system, K (F) 

Tref = Temperature at-which the energy content is considered 
to be zero, K (F)
 

Obviously, sensible storage materials should have a high specific heat, high
 

density, and wide temperature range. In addition, the sensible storage material
 

should be inexpensive, readily available in large quantities, nonhazardous,
 

stable for long periods of time, and environmentally acceptable.
 

The leading candidate material for sensible storage is water. Water is essen

tially free, abundant, nontoxic, and possesses good-heat transport properties.
 

In addition, a vast body of engineering data and experience are available on
 

its use. For these reasons, water storage has been chosen as a baseline
 

storage system for this study. Unfortunately, water has a relatively high
 

vapor pressure which necessitates the construction of expensive pressure
 

vessels for containment if operation of the storage system at temperatures
 

greater than 373 K (212.F) is desirable.
 

Other candidate materials for sensible heat storage include rocks, scrap iron,
 

and oils. Although the heat capacity for these materials is less than water,
 

they do not possess the high vapor pressure of water thereby offering potential
 

savings in containment vessel costs if operation above the boiling point of
 

water is necessary.
 

Phase change materials store energy as the latent heat of transformation
 

between two physical phases (usually the alternate melting and solidification
 

of a substance). The phase change process normally occurs at a constant 

- temperature--an important advantage of this method of energy storage. The 

energy content in a phase change energy store can be expressed as 

8.2
 



E = M [CS (Tf-Tref) + Hf + C1 (T-Tf)] 

where 

E, M, T, and Tre f are as before and
 
CS =Specific heat of solid-phase, J/Kg K (Btu/ibm F)
 

C= Specific heat of liquid phase, J/Kg K (Btu/lbm F)
 

Hf = Latent heat of fusion of the material, J/Kg (Btu/Ibm)
 

Tf = Melting temperature of material, K (F)
 

Desirable properties for phase change materials include a high heat of fusion
 

as well as high specific heat and density. In addition, the melting tempera

ture must be in a range which is compatible with the intended application.
 

Materials suggested for phase change storage in the temperature range suitable
 

for IUS include paraffins, inorganic salt hydrates, and clathrate hydrates.
 

Although the energy storage density for phase change storage is generally
 

higher than for sensible storage, phase change materials generally possess a
 

relatively low thermal conductivity. This complicates the problem of trans

ferring heat to and from storage and generally results in rather complicated
 

(and therefore expensive) heat exchanger designs.
 

Phase change materials, like sensible storage materials, should be inexpensive, 

readily available, nonhazardous, stable for many cycles of charge/discharge,
 

and envfronmentally acceptable.
 

Storage Vessels
 

The primary purpose of the storage vessel in TES systems is to contain the
 

storage material. The vessel can also act as a means for insulating the
 

storage system to reduce heat losses and as a portion of the heat addition/
 

removal system. For most thermal storage systems, the cost of the storage
 

vessel represents a substantial portion of the total storage system cost. It 

is therefore important that storage vessel costs be minimized if thermal
 

storage systems are to become economically practical.
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Heat Exchanger Designs 


Thermal energy must be transferred to and from the storage material in all 

thermal storage devices. The heat exchanger designs by which this heat transfer 

is accomplished may be lumped into one of two categories--direct contact heat 

exchangers and indirect heat exchangers. 

As the name implies, direct contact heat exchangers allow the working fluid
 

(the material utilized to transport the thermal energy from the heat source to 

storage and/or from storage to the thermal load) to come in intimate contact
 

with the storage material. This can be accomplished when the working fluid and
 

the storage material are the same fluid (such as water storage with a water
 

distribution system) or where the working fluid and the storage material are
 

such that they can be kept separated (as in a rock bed storage system with air
 

as the working fluid). Direct contact heat exchangers are very efficient
 

since the distances through which heat must be transported can be kept quite
 

small.
 

Indirect contact heat exchangers utilize a metal wall to separate the working
 

fluid from the thermal storage material. Indirect heat exchangers can be
 

either the conventional shell and tube type exchanger, or a "fixed-bed" type
 

exchanger where the storage material remains essentially at rest and the 

working fluid is circulated through passages to deposit or collect thermal
 

energy.
 

Methods of Integration
 

Thermal energy storage devices are subsystems which must be integrated into 

larger energy systems in order to be useful. It is therefore impossible to 

properly assess thermal storage concepts without considering the integration 

of the TES system into the larger energy system. In this study we are con

cerned with utilizing energy storage devices in conjunction with Integrated 

Utility Systems (IUS) in order to reduce the energy consumption and/or the cost 

of supplying utility services to communities. 
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In order to assess the alternative energy storage systems on a common basis,
 

a baseline IUS was selected. This baseline system, which is described in
 

greater detail in Volume II of this report, basically consists of diesel engine
 

driven electrical generators which are equipped with lube oil, water jacket,
 

and exhaust gas heat recovery units. Thermal energy recoveted from the engines
 

is supplemented by a heat recovery solid waste incineration unit and, if
 

necessary, an auxiliary oil fired-boiler in order to supply space heating and
 

hot water heating for the buildings being served. Space cooling is supplied
 

via absorption units which are supplemented by electrically driven centrifugal
 

units when necessary.
 

The baseline IUS contains three sources of thermal energy which may be used 

to charge a thermal storage system. The highest temperature source is the
 

394 K (250 F) steam loop which is.fed by the water jacket and exhaust gas heat
 

recovery units, the incinerator, and .the auxiliary boiler (if present).
 

Another potential source of thermal energy is the lube oil heat recovery loop,
 

which operates at a temperature of 180 F. The final source of thermal energy
 

is water produced by the chillers (assumed to be 280 K (45 F)). Energy with

drawn from thermal storage may be used to supply space heating and hot water.
 

heating requirements via the hot water distribution system (which maintains a
 

send-out temperature of 367 K (200 F) and a return temperature of 333 K (140 F))
 

or for space cooling by means of the chilled water distribution system (which
 

operates between the temperatures of 280 K (45 F) and 287 K (57 F)).
 

Identification and Description of
 
Alternative Concepts
 

A review of the literature reveals a-number of concepts for thermal energy
 

storage which have possible application to IUS. These include: 

" Hot and cold water storage
 

* Annual cycle ice storage
 

o Thermal wells
 

" Paraffins
 

* Oil storage
 

.o Liquid metals.
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* Rock storage
 

* Reversible chemical reactions
 

* Heat of vaporization
 

* Adsorbent systems
 

o Inorganic salts
 

e Inorganic salt hydrates
 

* Clathrate and semiclathrate hydrates
 

a Molten semiconductors.
 

Each of these concepts will be discussed briefly in the following paragraphs. 

Hot and Cold Water Storage
 

As mentioned earlier,, thermal storage utilizing the sensible heat of water has 

been chosen as the "baseline- storage system" for this study. It therefor& 

serves as a yardstick for the comparison of other energy storage devices. The 

selection of water storage as the baseline storage system was made prior to the 

initiation of the study'and was based on the fact that water appeared to be 

particularly well suited to IUS application. Water is used to distribute 

thermal energy throughout the complex or community thus simplifying the inte

gration of the thermal storage subsystem-with the IUS. Moreover, water is 

readily available, inexpensive, and a considerable amount of engineering 

experience exists on its use. 

A water storage system has the advantage of being able to store heat during the
 

winter months as well as to store chilled water during the summer. It is
 

difficult to estimate the number ofexisting installations utilizing water
 

as a thermal storage medium. A recent article (1 ) , however, reports that there
 

are over 70 existing solar energy systems which utilize water storage systems.
 

Another source (2 ) estimates that in Japan alone thermal storage with water is
 

used in conjunction with about 5 million square meters of building floor space.
 

Annual Cycle Ice Storage
 

4 "
 
Recent studies carried out at Oak Ridge National'Laboratories(

3' ,-> have
 

revived interest in a concept which utilizes ice for the storage of energy on
 

a seasonal basis.- 'The concept is known as Annual Cycle Energy Storage (ACES)
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and is normally envisioned as a means of reducing the'energy requirements of 

residences-or commercial buildings which are serviced by conventional utilities. 

ACES utilizes a heat pump to-provide the space heating requirements of the 

building during the winter. The heat pump evaporator withdraws energy from a 

specially constructed water tank, causing the temperature of the tank to drop 

until the water begins freezing. During the freezing process, the latent
 

heat of fusion of the water serves as the source -of heat for the heat pump
 

with the source temperature remaining at a nearly constant 273 K (32 F). The
 

freezing process continues throughout the heating season so that a -considerable
 

amount: of ice accumulates. This ice is stored until the summer months, when
 

it is used to supply the cooling loads of the building. The system is actually
 

a seasonal storage system (hence the name Annual Cycle Energy Storage).
 

A variation of the ACES concept which would be applicable to Integrated Utility
 

Systems utilizes a heat pump to supply the auxiliary heating requirement which
 

is normally satisfied by an auxiliary boiler in the "No Storage" IUS. The ice
 

manufactured by this heat pump is then available to supply cooling loads during
 

the summer months. This ice supply is used to satisfy that portion of the
 

cooling load which is not met by'Absorption air conditioning.
 

Thermal Wells
 

The utilization of thermal wells as energy storage devices has been examined 

by Meyer and Todd.( 6 10 ) The concept involves the injection of pressurized 

hot water into an aquifer (Figure 8.1). The injected-water will-be less 

dense than the native groundwater due to its higher temperature, and will dis

place the colder water downward. The hot water/hot porous rock combination 

acts as a thermal storage medium which can be discharged by reversing the 

flow of water from the well. Since heat losses increase in prbportion to the 

area, while the storage capacity increases in proportion to the volume, thermal 

storage wells offer potential for low heat losses due to the high volume to 

area ratio possible. Meyer and Todd calculate that approximately 75 percent of 

the stored heat could be recovered after 90 days of storage. 
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The use of heavy fuel oils or other organic liquids as thermal stoiage materials 

has been considered*. These liquids, which would store energy as sensible 

heat, have the advantage of possessing a relatively low vapor pressure at the 

higher temperatures envisioned for some thermal storage applications. Thus the

storage vessel necessary for containing the liquid does not need to be designed
 

for the high pressures which would be necessary if water were used as the
 

storage material. Savings in the cost of this vessel can therefore be realized.
 

The specific heat of residual (No. 6) fuel oil is about 2.09 kJ/Kg K (0.5
 

Btu/ibm F), or about one half of the specific heat of water.
 

The utilization of oil storagein conjunction with IUS does not appear to be
 

feasible due to the fact that high temperature storage is not required in this
 

system. The highest temperature energy recovered in the IUS.baselines is
 

394 K (250 F) and the hot water distribution system send-out temperature 

is 367 K (200 F)._ The oil storage scheme therefore has no advantage bver a
 

water storage system which can operate up to a temperature of 367 K (2b0 F) 

without requiring a pressure vessel. 

Liquid Metals 

The possibility of utilizing liquid metals (sodium and potassium) as a sensible 

heat storage medium has been suggested. The concept would be similar to the
 

storage of thermal energy in hot water, but, like the oil storage concept dis

cussed above, it would take advantage of the fact that liquid metals have a
 

lower vapor pressure than water. Hence operation at a higher temperature
 

could be realized. The liquid metal storage concept was not pursued further
 

for application to IUS due to the safety problems inherent in this concept as
 

well as the absence of a requirement for high temperature storage in IUS.
 

Rock Storage
 

The storage of thermal energy in the sensible heat of rocks has been utilized
 

in a number of installationsI). These systems normally utilize air as the 

working fluid, although the use of water as a working fluid is not inconceivable.
 

* 	 A major oil company is known to be looking into this concept but details are
 
not available at this time.
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The thermal well concept is viewed as a means for storing energy on a seasonal
 

basis. The storage would be utilized to accept otherwise unusable high grade
 

heat during the fall and spring seasons when heating and cooling loads are low.
 

This heat could then be recovered during the winter months to supply the
 

auxiliary heating requirements of the IUS.
 

Paraffins
 

The storage of thermal energy as the latent heat of fusion of paraffins has
 

been proposed by a number of researchers. (11-15) The material appears to be
 

well suited to thermal storage applications since it possesses a relatively
 

high heat of fusion, has melting points in a generally suitable temperature
 

range,/is inexpensive, and is readily available. The primary advantage of
 

utilizing a phase change storage material- is the increased energy storage
 

density (and hence reduced volume of storage) compared to sensible heat storage
 

systems. This advantage becomes more pronounced as the temperature swing* of
 

the thermal storage system is reduced. Thus, paraffin storage devices appear
 

to be particularly attractive for those applications where the temperature
 

swing is limited.
 

The application of paraffin storage devices is complicated by the fact that
 

the thermal conductivity of the material is relatively low. This requires that
 

the distances through which heat transport takes place be kept small in order
 

to insure that the storage device may be charged and discharged at a reasonable
 

rate. Thus, the cost of the heat exchanger for paraffin storage systems can
 

become substantial. in addition, paraffins undergo a significant volume change
 

(-10 percent shrinkage) upon solidification. The design of the heat exchanger
 

must be such that this shrinkage does not inhibit the heat transfer process.
 

* The temperature swing of a thermal storage system can be considered to be the 
difference between the temperature of the system when fully charged and the
 
temperature when completely discharged.
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Since the specific heat of rocks is only about one-fifth that of water, 

a rock storage system does not appear to offer any advantages over a water
 

storage system for IUS application and, therefore, is considered further
 

in this study.
 

Reversible Chemical Reactions
 

Thermal energy may be stored as the heat of reaction of several reversible
 

chemical reactions. A particular system which has been suggested(1 6 ) utilizes
 

the heat of reaction of hydrogen/metal-hydride systems. The concept (shown in
 

Figure 8.2) involves-utilizing available thermal energy to heat a metal
 

hydride, thereby driving the reaction
 

M+ 2(-x x 

to the left and releasing molecular hydrogen. The released hydrogen is stored
 

under pressure in a separate container. When thermal energy is required, the
 

hydrogen is allowed to recombine with the metal and the above reaction proceeds
 

to the right, giving up the heat of reaction. Although this scheme appears
 

to be attractive on an energy storage per unit weight basis, the energy storage
 

per unit volume is substantially less than other thermal storage devices due
 

to the large volume required for the storage of hydrogen gas. Gruen and
 

Sheft (17) propose to eliminate the need for hydrogen storage tanks by including
 

a second metal-hydride system which would store the hydrogen released from the
 

first metal hydride during charging.
 

Heat 

H2 STORAGE 

HYDRIDE 

FIGURE 8.2. METAL HYDRIDE THERMAL STORAGE 
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Although these metal-hydride systems, as well as several other chemical reaction
 
'
 storage systems,(lS l9) appear to have potential for developing into feasible
 

energy storage alternatives, considerable research and development must be
 

carried out before meaningful assessments can be made. It appears, however,
 

that integration of these storage devices into IUS will be difficult due to the
 

relatively high temperatures required for charging and the-inherent complexity
 

of these systems.
 

Heat of Vaporization
 

Heat may -be stored in the vapor phase of a substance and released wher? the 

vapor is condensed to a liquid to reclaim the latent heat of vaporization.
(20
 

Although the heat of vaporization on a mass basis is quite high for many sub

stances, (e.g., 950 Btu/lb for water) an energy storage system utilizing vapor
 

storage would be excessively large due to the need to store the very low
 

density vapor. Heat of vaporization storage systems are, therefore' not con

sidered further in this study.
 

Adsorbent Systems
 

Heat is evolved when certain gases are adsorbed in materials such as silica,
 

gel. A discussion of a system employing this concept in connection with pro

viding solar crop drying is presented in Reference 21. The concept does not 

appear to be applicable to Integrated Utility Systems, however, and adsorbent 

systems were not considered further in this study.
 

Inorganic Salts
 

Thermal energy -storage as the latent heat of fusion of inorganic salts has been 

proposed, (22-26) but little -actualexperience has been published on the per

formance of these syspms; Some experimental information is available as a 

spin-off from space applications. (27- 3) Materials mentioned as candidates
 

-include eutectic mixtures of metal fluorides (NaF, CaF2, LiF, MgF2) as well
 

as sodium nitrate and several chloride salts. The melting points -of the inor

ganic salts, however," are generally greater than the temperatures of the
 

available thermal energy in IUS.
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Inorganic Salt Hydrates
 

Extensive investigations into the use of inorganic salt hydrates as phase
 

change materials in thermal-storage systems has been undertaken.(34-40) These
 

materials are compounds of inorganic salts and water, the best known being
 

Glauber's salt (Na2S04 .10H 20). Othersalt hydrates which have been considered
 

include calcium chloride hexahydrate (CaC12 -6H20), and sodium thiosulfate
 

pefntahydrate (Na2 S2O3 .5H20). These materials possess high latent heats of
 

fusion and are relatively inexpensive.
 

The application of the salt hydrates to thermal storage systems has been hindered 

due to the fact that these materials generally melt incongruently. The result
 

of this behavior is that the anhydrous salt formed sinks to the bottom of the
 

container and, upon subsequent freezing, does not recombine with water. Thus,
 

there is a reduction in the apparent heat of fusion as the mixture is repeatedly
 

cycled. Many thickening agents and encapsulation techniques have been attempted
 

with the objective of solving this problem but no completely successful solutions
 

have been reported to date.
 

Clathrate and Semiclathrate Hydrates
 

The use of clathrate and semi-clathrate hydrates as a phase change thermal
 

storage material is discussed in Reference 34. These materials are continuous
 

solid water structures which contain cavities within which guest molecules
 

reside. The guest molecules act to stabilize the ice structure. Although these
 

materials offer promise as TES materials, the information which is available is
 

not sufficient to allow an assessment of their applicability to. IUS. Therefore,
 

they were not treated further in this study.
 

Molten Semiconductors
 

The use of molten semiconductors as a-thermal storage material is suggested
 

in Reference 41. The material proposed is Ge0. S0. 6 which has a eutectic
 

temperature of 863 K (1,094 -). It has a positive'coefficient of expansion in
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the liquid but contracts on melting. It is therefore claimed that the material 

would simplify heat exchanger design since the solid phase would exist above 

the liquid phase. . The transfer of heat into and out of the store could then 

occur at the bottom of the tank and convective currents in the liquid would 

assist rather than impede heat transfer. The high melting-temperature of, these 

materials, however, rules out their application to IUS. 

Selection of Concepts to be Treated in
 
Greater Detail
 

A number of the thermal storage concepts discussed in the previous section
 

are obviously not suited for application to integrated utility systems.
 

Several of these can be ruled out due to a mismatch between the temperatures
 

required for the storage device and the temperature ranges of interest for IUS.
 

This consideration eliminates molten semiconductors, inorganic salts, liquid
 

metal systems, and the majority of the reversable chemical reaction systems.
 

Heat of vaporization systems are eliminated due to the large storage volume
 

required while adsorbent systems are ruled out as not being compatable with
 

IUS. Clathrate and semi-clathrates were eliminated from further consideration
 

since available information on this concept is insufficient to carry out a
 

meaningful assessment.
 

The remaining thermal storage concepts appear to be amenable to integration
 

with IUS. It was, however, decided to eliminate three more of these from
 

further consideration. Oil storage and rock storage were ruled out since
 

neither of these systems offered a significant improvement in performance nor
 

possible reduction in the cost of the storage system over the baseline water
 

system. The inorganic salt hydrates were not considered further due to the
 

absence of a near term sucessful solution to the incongruent meltingproblem.
 

The remaining four thermal storage concepts which were selected for analysis
 

in greater detail include
 

* Hot and cold water storage
 

e Annual cycle ice storage
 

v Thermal wells
 

* Paraffins.
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It was thought that the selection of these concepts would "bracket" the thermal
 

storage field due to the fact that the water storage system represents a "present

day" solution to the therial storage problem while the remaining three would
 

offer potential improvements in performance or reduction in cost of future IUS.
 

Assessment of Selected Concepts
 

The assessments of technical and cost characteristics of thermal storage
 

systems which are presented in the following sections were developed based on
 

assumed IUS configurations. These "baseline" IUS designs, which are discussed
 

in more detail in Volume II of this report, were selected to represent a range
 

of community sizes which would be suitable for IUS application. The two confi

gurations selected consisted of an IUS which would supply a 1,000-Unit Apart

ment and an IUS for a portion of a community termed a "Village Complex". 

Both of the baseline IlS installations were assumed to be located in the 

Washington D.C. area. The baseline configurations were treated as design 

points for the purposes of integrating thermal storage systems, sizing equip

ment, and developing cost informdtion.
 

Water Storage
 

Description of Principal Components and Operation. The water storage concept
 

utilizes the sensible heat of water to store thermal energy. The water is con

tained in a tank which operates at atmospheric pressure, thus limiting the
 

maximum temperature of operation to about 367 K (200 F). During the heating
 

season, the tank is used to store hot water and operates on a daily cycle. 

When the electrical demand on the IUS is high and the thermal demand is low, 

there will be an excess of high grade thermal energy. This energy (which would
 

be rejected to the atmosphere if storage were not available) is added to the
 

water tank resulting in an increase in the average temperature of the water in
 

storage. This energy may then be wthdrawn from storage at a later time to 

satisfy space heating and domestic hdt water heating demands which would
 

otherwise be supplied by operating an auxiliary boiler. *Thus, the net effect
 

of adding thermal storage durkg 'the heating tseason is a reduction in the 

energy consumption of the IUS. 
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A water storage systemmay also be use'd to store chilled water ,during summer
 

months. This results in the elimination of that portion of the electrical
 

generating capacity which would otherwise be necessary, to power electric 

chillers during peak cooling hours. The peak cooling demands are met by
 

drawing on the chilled water which is contained in storage. The storage tank
 

is recharged during the early morning hours when excess generation capacity is
 

available. The load factor on the generator sets is thereby improved and
 

considerable capital savings can be realized due to the reduction in required
 

generator capacity. In addition, some improvement in the COP of the chillers
 

can be expected due to their increased operation at.periods of the day when
 

ambient temperatures are lower.
 

Integration with IUS. Figure 8.3 is a schematic diagram showing how the
 

water storage tank might integrate with the baseline IUS configuration for 

winter operation. .The space h&ating and hot water heating loads imposed on the 

IUS are supplied via a hot water distribution system with a send-out tempera

ture of 367 K (200 F) and a return temperature of 333,K (140 F). In a no

storage IUS, the energy required to satisfy these loads is supplied at two
 

temperature levels. Engine lube oil heat recovery is used to supply low grade
 

energy (assumed tb be at a temperature of 355 K (180 F)) while high grade heat 

recovered from the engine water jacket, exhaust gas heat recovery, and in

cinerator heat recovery is in the form of low pressure steam. High grade 

energy may also be supplied, if necessary, via an auxiliary boiler. In the 

storage configuration envisioned, the storage tank will be used to supply the 

thermal energy necessary to raise the temperature of a portion of the water
 

flow from the return temperature to the final send-out temperature.
 

Figure 8.4 is a schematic showing a possible integration technique for water
 

storage during the summer months. The chilled water distribution system has 

a send-out temperature of 281 K (45 F) and this water is returned at 287 K (57 

F). It is envisiofted that the storage system would be discharged by dividing 

the return flow and-sending a portion to the storage tank inlet while drawing 

stored chilled water from the tank outlet. This chilled water will be added to 

the water from the chillers to supply the cooling load. The tank will be 

recharged in the reverse procedure. 
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It should be pointed out that a number of other arrangements are possible for 

Integrating the storage system. Several of these are discussed in more detail
 

in Volume II.
 

Storage Tank. Due to the large storage volume which will be required foi IUS 

water storage systems, it will be desirable to locate the storage tanksunder-" 

ground. It may be possible to integrate the tank into the design-of one or 

more of the buildings making up the complex served by IUS, but a more likely 

arrangement would be to locate the tanks near, and possibly beneath, the
 

building which houses the IUS equipment. For the purposes of developing cost
 

characteristics for this system, it will be assumed that the storage tank is 

buried near t]he lUS building but not beneath it.
 

A good discussion of various tank materials and designs is contained in Reference
 

42. Candidates for tank-materials include concrete, steel, fiberglass-reinforced
 

plastic, and various earth-liner systems. The large size required, however,
 

favors concrete tanks for underground applications. The tank would be lined
 

with a spray-on vinyl protective sealant. In addition, it will be necessary
 

to install an anti-blending device to reduce the undesirable effects of blending
 

of return water. It is anticipated that a series of baffles which would force
 

the flow stream to travel .acircuitous path between inlet and outlet will be
 

utilized. The exact nature of this baffling device has not been determined and
 

more work will need to be darried out to define and optimize the arrangement.
 

The temperature blending problem can be.visualized by referring to Figure 8.3, 

which shows the assumed arrangement for hbt water storage.. When fully charged, 

the water in storage will be at a temperature df 367 K' (200 F). 'As thii water 

is drawn off to satisfy a portion of the heating load, however, return water at

333 K (140 F) will be blended back into the tank..' The"effect of this blending 

is that the temperature of the water drawn from the tank will tend to decrease 

with time. For-i fully mixed tank with a constant flow rate and a constant 

inlet temperature,, the temperature will decrease exponentially with a time 

constant defined by the ratio of the mass of-wawter' stored divided by the mass 

flow rate of water into (and out of) the tank. Thus, after a period of one 
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time constant, 63 percent of the tank will have been discharged. It should 

be pointed out, however, that the water being drawn from the tank at this point 

would not be useful since its temperature would be too low to satisfy heating 

demands. An obvious, though costly, solution to this blending problem would
 

be to use two separate tanks each operating at a constant temperature--one
 

at the high supply temperature and the other at the return temperature. It has
 
(43)
been reported that the baffling technique is effective in minimizing the
 

temperature blending problem and therefore the two tank arrangement will not be
 

necessary..
 

Piping and Controls. The.piping and control systems perform the function of 

delivering thermal energy to and from the storage tank in the proper amounts 

and at the proper time. It is anticipated that the controls for the thermal
 

storage system will be tied into the overall IUS control system which will
 

include computer control capability. The design of the piping and control
 

system is not expected to present major difficulties as considerable experience
 

in the design of similar systems exists.
 

Technical Characteristics. Storage Size. In order to estimate the size of the
 

water storage tank required for the IUS baselines, the load profiles for winter
 

and summer design days were analyzed using a computer program developed for
 

this purpose. The results of these runs are presented in Table 8.1. It
 

should be pointed out that these capacities represent the energy which would be
 

drawn from storage on a design day for each of the applications. For the
 

summer case, this capacity would be sufficient for an infinite number of
 

consecutive design days since the storage is drawn on for only a few hours each
 

day and may be recharged at other times. For the winter design days, however,
 

storage is being drawn on continuously during the day and therefore the capa

cities shown in Table 8.1 would supply storage sufficient for only a single
 

winter design day.
 

The water storage system is integrated into the IUS baselines so that the
 

maximum temperature swings available are 33 K (66 F) for winter and 7 K (12 F)
 

for summer. Assuming no temperature blending occurs (as would be the case if
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TABLE 8.1. 	 THERMAL ENFRGY STORAGE CAPACITIES REQURIED 
FOR IUS BASELINES 

Energy Storage Capacity, CJ
 
Summer Design Winter Design
 

Application (Ton-Hours) (Millions of BTU)
 

1000-Unit Aartmenta) 55 117
 
(4350) (ll)
 

Village Complex (b) 	 224 359
 
(17,700) 	 (341)
 

(a) Based on 	the'replacement of two of the six generators required
 
for "no-storage". 

-(b) Based on the replacement of one of the eight generators required
 
for "no-storage". 
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two separate tanks of equal volume were used), the volume of water necessary 

t6 store the required energy can be calculated. The volume calculated by this 

procedure must be increased, however, to account for the effects of temperature 

blending. Reference 43 indicates that, with proper design of the antiblending 

baffles, storage efficiencies* of 90 percent may be achieved. Table 8.2 gives 

the storage volume required for each IUS application using this storage 

efficiency. Since the storage volume required for summer operation exceeds the 

winter volume required, the storage tank will be sized for summer storage.
 

Table 8.3 gives the energy storage densities calculated for water storage.
 

The energy storage density is a useful parameter for comparing alternative 

energy storage devices. Care must be taken when computing energy storage
 

densities, however, to insure that the comparisons are meaningful. For the
 

water storage system, three distinct energy storage densities may be computed
 

representing thermal storage for both summer and winter and an electrical 

equivalent energy storage density. The first two are useful in comparing water
 

storage to other thermal storage concepts while the latter is used for com

parison against electrical storage concepts. The electrical equivalent energy 

storage density can be defined as the equivalent electrical energy contained in 

storage (resulting from the replacement of electrical generating capacity)
 

divided by the storage volume.
 

Losses. The losses which are associated with water storage systems for IUS 

application can be attributed to the heat leakage to or from the storage tank 

and to the additional electrical power required by the pumps which circulate 

the water to and from storage. Due to the large stprage volume required for 

these systems, the ratio of tank surface area- to volume will be quite small. 

It has been estimated that the heat losses from the tank can therefore easily 

be limited to less than 2 percent of the -stored energy per day and, with proper 

insulation, could be reduced significantly below that.
 

* 	 Storage efficiency for thermal storage devices is -defined herein as the per
centage of stored energy which may be withdrawn before the temperature drops 
to an unacceptable level. 
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TABLE 8.2. TANK SIZES REQUIRED FOR WATER STORAGE SYSTENS
 

3 3
 
Storage Volume, m (ft


Application Summer Design Winter Design
 

1000-Unit Apartment 2,190 970
 

(77,400) (34,200)
 

Village Complex 8,920 2,970
(315,000) (105000)
 

TABLE 8.3. ENERGY STORAGE DENSITIES OF WATER STORAGE SYSTEMS 

Application 

Winter Thermal, 

Nj/m3 (BTU/ft3) 

Energy Storage Densities 

Suner Thermal, 

Mj/m3 (BTU/ft3) 

Electrica1 
Equivalent, 

kWim3 (kWh/ft 3) 

1000-Unit Apartment 120 
(3,250) 

25 
(670) 

1.73 
(.049) 

Village Complex 120 
(3,250) 

25 
(670) 

1.73 
(.049) 
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Since the storage tank will operate at atmospheric pressure, pumping energy
 

will be required to supply water from storage-to-the pressurized distribution
 

system. Preliminary calculations indicate that this energy could be signifi

cant. Assuming the pressure differential is 620 kPa (90 psi), the pumping 

energy required will be about 10 percent of the electrical equivalent of the
 

chilled water in storage on a summer design day. Winter pumping requirements
 

will be less due to the reduced water flow rate. Careful design will be
 

necessary to minimize this energy expenditure. Reference 44 reports the
 

development of an energy recovery transfer pump for reducing this loss.
 

Costs. The largest cost for water storage systems is associated with the
 

storage tank. Table 8.4 shows cost breakdowns for concrete tanks suitable for
 

both the 1000-Unit Apartmnt and the Village Complex. These costs were developed
 

based on an assumed deptb of 6m (20ft) for each tank. The unit prices for
 

this estimate were taken from Reference 44. Table 8.5 gives cost information
 

for the total water storage system.
 

General Comments. Water storage for IUS application, while not considered
 

strictly "off-the-shelf", does appear to be a technically feasible approach 

which could be built utilizing present day technology. A number of areas do 

require development work, however, with the primary example being the deter

mination of the optimum baffle arrangement. Other areas of concern include the 

proper design of the transfer pumping arrangement to minimize pumping costs. 

Safety problems associated with water storage are expected to be minimal as
 

are environmental concerns. The system should be highly reliable as well.-


It is expected that water storage systems would be constructed on site and,
 

since a single tank design is desirable, the system is not well suited to 

incremental expansion to accomodate community growth.
 

Annual Cycle Ice Storage
 

Description of Principal Components and Operation. The Annual Cycle Energy
 

Storage (ACES) concept discussed in References 3-5 can be modified to be
 

compatible with the IUS baselines under consideration as shown in Figure 8.5.
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TABLE 8.4. WATER STORAGE TANK COST ESTIMATE
 

Cost, Thousands of Dollars
 
1000-Unit Apartment Village Complex
 

Item (20' x 62' x 62') (20' x 125' x 125')
 

Concrete (@ $150/yd 3 in place)
 

Base (8" thick) 14.2 57.9.
 

Top (12" thick) 21.4 
 86.8
 

Walls'.(12" thick) 27.6 55.6
 

Excavation and Backfill (@$4/yd3 '11.4 46.3
 

Insulation (@ $0.75/ft2) 9.5 30.9
 

,Vinyl Spray'Coating (@$0.35/ft2) 4.4 14.4
 

Misc. portholes, ladders, etc. 6.0 12.0 

Antiblending Baffles 18.6 61.9 
(@,$1.50/ft2 surface area) 

TOTAL' 113.4 365.8
 

Cost/gal 19.7c/gal- 15.7/gal
 

TABLE 8.5. COST ESTIMATE FOR WATER STORAGE SYSTEM
 

- * Cost, Thousands of Dollars 
Item 1000-Unit Apartment Village Complex 

Tank 113 366
 

Pumps 6 - 11
 

Piping 20 40
 

Controls 10 15
 

Water treatment, Misc. -5 -. 10
 

Total Storage System Cost, 154 442
 

C6st/gal 26.8 /gal 19.O0/gal
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During periods when the demand for space heating and domestic hot water heating 

exceeds the amount of heat recovered from the prime movers and from incinera
f 

tion, a heat pump would supply the auxiliary heating required. This heat pump
 

is powered by electrical energy generated by the prime mover, thereby increasing
 

the amount of recoverable heat. The heat input to the heat pump evaporator
 

would be drawn from a water/ice storage tank thereby freezing a portion of the
 

water. The storage tank is sized so as to allow the freezing process to
 

continue throughout the heating season. The ice which is manufactured during
 

the heating season would be stored for use in satisfying cooling loads during
 

the summer months and would be used only during those hours when absorption air
 

conditioning is not sufficient to satisfy the cooling load.
 

Storage Tank. The storage tank envisioned for the ACES concept does not differ
 

greatly from the tanks used for conventional water storage systems except that
 

a series of extruded aluminum finned tubes are formed into serpentines through

out the tank. The ice formation takes place on these tubes which contain a
 

circulating brine solution. The brine picks up the latent heat of fusion
 

resulting from the ice formation and transports it back to the evaporator of
 

the heat pump. The design of the coils must be such that damage due to the
 

buoyant and expansive forces associated with the ice formation is eliminated.
 

Heat Pump. The ice storage concept will require a heat pump to provide the
 

auxiliary heating during winter. Heat pumps which appear to be suitable for
 

this are available on the market although their designs would have to be opti

mized to meet the lower evaporator temperatures associated with the ice formation.
 

Piping and Controls. As in the water storage concept, piping and controls will
 

be required to effect the transfer of energy to and from storage. These will
 

be considerably more complicated for the ice storage concept due to the need

to transport thermal energy from storage via the brine solution and also to
 

satisfy cooling loads via a water loop.
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Technical Characteristics. Storage Size. Since the computer model developed
 

during this study for analysis of IUS storage designs does not treat storage
 

on a seasonal basis, it was necessary to estimate the size required for ice
 

storage by hand calculations. The result of these calculations, which were
 

based on the quantity of supplemental heat required on an average winter day,
 

revealed that the 1000-Unit Apartment IUS would require a storage volume of
 

3
approximately 4760 m (168,000 ft3)while the volume of the Village Complex tank
 
3
would be 24,700 m (873,000 ft3). These volumes are over twice the storage.
 

capacity required for the water storage system discussed earlier.
 

It should be pointed out-that, due to the relatively small amount of auxiliary
 

heating required by the IUS in the location under consideration, the ice manu

factured during the winter months will not be sufficient to supply cooling
 

throughout the summer. Preliminary calculations indicate that the ice supply
 

will be exhausted after 17 days of average summer cooling for the 1000-Unit
 

Apartment IUS. After this time, however, the storage tank can continue to
 

operate as a "conventional" water storage system for the storage of chilled
 

water.
 

Fuel Savings. The fuel savings which result from the application of the ice 

storage concept -to IUS are due to the reduction in auxiliary fuel required 

during the winter months and from reduced electrically driven refrigeration 

during the summer. The annual fuel savings from both of these sources total 

about 15,500 gallons of fuel per year for the 1000-Unit Apartment IUS (or about 

2 percent of the total fuel consumption). For the Village Complex, savings

would be about 68,000 gallons per year (about 1 percent of the annual usage). 

Generator Capacity Required. The fact that the heat pump will require addi

tional generator capacity during those periods when auxiliary heating is
 

required brings up the %esi 5n of the adequacy of the installed generator 

capacity. For the 1000-Unit Apartment case, the maximum auxiliary heating
 

requirement is 3.69 1W (12.6 x 16 BTU/hr 7 . Assuming a heat pump COP of 4.0, 

and taking the increased heat recovery from the prime mover into account, the
 
Z1.1 

increased power generation necessary to supply the heating requirement can be 
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calculated t~o be 782 kW. When added to the other electrical demands at this
 

hour, it can be determined that 5 generator sets will be necessary to carry 

the load. Thus, for the 1000-Unit Apartment case, savings in the capital costs 

of only one generator set may be credited to the storage device (two generator
 

.sets could be replaced with the water storage system).
 

For the Village Complex, it appears that seven of the 47415 kW generator sets
 

would be adequate to supply the increased electrical load during the winter
 

months.
 

Heat Losses. Since ice storage is a seasonal storage concept, heat losses
 

can be a potentially serious problem. Fortunately, the temperature difference
 

between the ice bin (at 273 K (32 F)) and the surrounding earth will be small. 

A sample calculation on a tank sized for the 1000-Unit Apartment IUS shows heat
 

losses on the order of 0.1 percent per day. This calculation assumed an R-19
 

insulation and a temperature differential of 22 K ('40 F). Heat losses over a
 

three month hold period could therefore be on the order of 10 percent of the
 

storage capacity. Losses for the larger Village Complex tank will be less
 

severe.
 

Costs. A crude cost estimate of the ice storage system described was attempted. 

These costs were based largely on discussions with researchers at Oak Ridge and 

from information taken from References 3-5. 'The results of the cost estimate 

are shown in Table 8.6. 

General Comments on Annual Cycle Ice Storage. Annual cycle ice storage can be 

considered to be a concept-which is currently in the developmental stages but 

has not, as yet, found commercial- application. The concept appears to be
 

technically feasible with the area of largest concern being the heat exchanger
 

coil design. Researchers at Oak Ridge are currently building a prototype unit
 

sized -for a single residence.
 

It should be pointed out that the design discussed here was essentially scaled
 

up from A residential size. Subsequent discussions with Oak Ridge researchers
 

have sugge'sted the-possibility of eliminating the ice coil altogether by
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TABLE 8.6. COST ESTIMATE FOR ANNUAL CYCLE ICE STORAGE SYSTEM
 

Cost,-Thousands of Dollars
 
Item 1000-Unit Apartment Village Complex
 

Storage tank(a) 
 180 760'
 

Ice coil (@ $1/ft 3> 170 870
 

Heat pump (@ $100/ton 80 "'190
 

-Piping and Controls 30 60
 

TOTAL 
 460 1,880
 

(a)-Based on same unit prices used in Table 8.4.
 

TABLE 8.7. COST ESTIMATES FOR THERMAL WELLS
 

Application Cost, Thousands of Dollars
 

1000-Unit Apartment 100
 

Village Complex 170
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employing heat pumps which would manufacture ice (much like ice making machines).
 

The ice would then be transported to the ice bin for storage. This could yield
 

a significant reduction in the cost of the ice storage system.
 

Safety and environmental concerns do not appear to be significant problem areas
 

with the exception of the large size required for these systems. The reliability 

of the concept has yet to be determined but it is expected that reliability
 

could be equal to or greater than the reliability of the prime movers utilized
 

in IUS. As with water storage systems, the bulk of the construction will take 

place on site and the expansion capability of the system will be limited.
 

Thermal Wells
 

Description of Principal Components and Operation. Figure 8.6 is a schematic
 

diagram which shows -how the thermal well storage concept might integrate with
 

the IUS baselines under consideration. The concept would require two separate
 

wells, one of which is utilized as the actual storage well and the other serving
 

to supply the water required for injection into storage and serving as a
 

depository for water drawn from storage during the discharge cycle. It will be
 

desirable to maintain separation between the water drawn from these wells and
 

the MUS distribution system water through the use of heat exchangers. The
 

thermal wells concept, like annual cycle ice storage, is a seasonal storage
 

system. During those periods when there is excess high grade thermal energy
 

available (e.g. during the fall) water would be drawn from the supply well and
 

heated to, a high temperature (e.g., 383 K (230 F)) for injection into the 

storage well. This process would continue as long as excess energy was available. 

The hot water injected would tend to rise to the top of the confined aquifer 

displacing the colder water downward. Initially the injected water would give 

up much of its heat due to mixing with the cold water and porous rocks which 

make up the aquifer. As more hot water is injected, however, the temperature 

of the confined region will increase. 

The thermal energy in storage would be recovered by drawing hot water from the
 

storage well. This thermal energy would be used to satisfy the auxiliary heat

ing requirements normally supplied by firing auxiliary boilers. Since the 
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amount of heat which is recoverable from the thermal wells increases as the
 

minimum acceptable water temperature decreases, it will be desirable to supply
 

the thermal load at the lowest possible temperature. It is also desirable,
 

however, to utilize all of the low grade recovered energy possible. The
 

energy drawn from storage will therefore be transferred to the distribution
 

loop at a point between the lube oil heat exchanger and the high grade heat
 

exchanger. The high grade heat exchanger is then utilized to bring the dis

tribution water to the final send-out temperature of 366 K (200 F).
 

It should be pointed out that the arrangement described here will allow only
 

a portion of the waste energy delivered to storage to be recovered for later
 

use, even if heat losses from the thermal well could be eliminated completely.
 

This is due to the fact that excess high temperature energy will be used to
 

heat cold water drawn from the supply well to a high temperature prior to
 

injection into the storage well. On discharge, however, the amount of energy
 

extracted from the water which has been drawn from the storage well will be
 

determined by the minimum temperature which will allow energy transfer to the 

distribution water. For the IUS baselines considered, this minimum temperature
 

will be about 336 K (145 F). Thus, it will be necessary to inject warm water
 

back into the supply well and the energy involved will not be recoverable.
 

Aquifers. Aquifers are geological formations consisting of a porous rock or
 

gravel permeated by underground water. The water may be either fresh or salty.
 

Of particular interest to the thermal well storage concept are the confined
 

aquifers which have a layer of clay or other impermeable material forming the
 

upper boundry of the aquifer. When hot water is injected into a confined
 

aquifer, it will tend to rise until stopped by the confining layer.
 

An obvious limitation of the thermal wells concept will be the availability
 

of suitable aquifer formations. It has been estimated that suitable aquifers
 

are available at about 50 percent of the locations which would be of interest
 

to IUS.
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Wells. The major cost item for the thermal wells storage system is the wells.
 

These would not differ greatly from conventional water wells except that they
 

would require the capability to inject water into the ground as well as remove
 

it.
 

Pumps and Associated Equipment. The equipment necessary for injecting and
 

removing hot water to and from the thermal wells will be exposed to many of the
 

same conditions that are encountered in the utilization of geothermal energy.
 

The hot water will undoubtedly contain many dissolved minerals and will pro-'
 

bably be highly corrosive. Thus the life of the pumps and piping for the
 

thermal storage concept is in question. Considerable experience on the design'
 

of similar equipment is being amassed in connection with geothermal research as
 

well as in connection with oil well recovery techniques. It is therefore
 

expected that suitable pumps, heat exchangers, and associated equipment will be 

available. 

Technical Characteristics. The concept of thermal storage utilizing aquifers
 

has received attention primarily in connection with large central station power
 

plants and very little information exists which would apply'directly to .the IUS
 

application. For example, Meyer and Todd (6'7 ) report the results of computer
 

modeling of a thermal Well which accepts and discharges water at a rate of
 

3800 m3/day (1x 106 gallons/day). The 1000-Unit Apartment complex, on the
 

other hand, would have an average injection rate of about 79 m3/day (2.1 x
 

10 gallons/day). 53 The.Village Complex would have an injection rate of about
 

1589 m /day (4.2 x 105 gallons/day). The heat losses reported for the smaller
 

IUS systems are, therefore, expected to be much higher than the 14 percent per
 

season reported for the larger systems. Fortunately, the waste heat which is
 

discarded during the spring and fall seasons for both IUS baselines is much
 

greater than that required for auxiliary heating during the winter. Therefore, 

the high losses which would be associated with the relatively small thermal 

wells are not critical as long as the thermal energy which is maintained in 

storage is'sufficient to satisfy the winter auxiliary heating requirement. As
 

a point of reference, the thermal energy which would be available for storage 
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on an average fall day for the Village Complex is approximately 7 times the
 

energy which would be required for auxiliary heating during an average winter 

day. For the 1000-Unit Apartment IUS, the wasted heat on a fall average day is
 

only 1.5 times the winter average day requirement. It therefore appears that,
 

while thermal wells may be a viable option for storage in connection with the 

Village Complex, the 1000-Unit Apartment IUS will not be amenable to this type
 

of storage.
 

Costs. Although the preceeding discussions point out the limitations of the
 

thermal well concept for application to the IUS baselines, it was felt that
 

rough cost estimates would be desirable in order to further evaluate relative
 

merits. Discussions with proponents of this concept have indicated that the
 

cost figures reported in Table 8.7.might be appropriate for the 1000-Unit
 

Apartment and the Village Complex IUS. These costs are based on an assumed 152
 

m (500 ft) well depth and include allowances for pumps, piping, controls, and
 

heat exchangers.
 

General Comments on Thermal Well Storage. The possibility of using underground
 

aquifers as a thermal storage medium is a concept which has yet to -be demonstrated
 

in an actual installation and therefore must be considered as a developmental
 

energy storage technique. It is known, however, that Auburn University is 

currently under contract with the Office of Water Research to establish and
 

experimentally evaluate a thermal well and this study should-produce much
 

valuable information. 

The environmental effects of the thermal wells concept will need to be examined
 

closely as the possibility of undesirable cross flows between the thermal wells
 

and drinking water supplies will-be present. In addition, the problem of
 

.fairly continuous withdrawal of water from one well and injection into another
 

must be considered. Although the possibility of finding favorable solutions to
 

these potential problems appears to be good, it would not be unreasonable to
 

expect that the application of significant numbers of.thermal storage wells
 

might be limited due to environmental objections.
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The thermal well concept does not appear to have any insurmountable safety 

hazards and the necessary equipment, while not considered off-the-shelf items, 

could probably .be produced utilizing present day technology. As with the other 

thermal storage concepts under consideration, the bulk of this system would be 

fabricated in the field. Expansion capabilities will be determined by the 

characteristics of the aquifer utilized and is expected to be good in many 

cases. 

Paraffins
 

Description of Principal Components and Operation. The baseline water storage
 

system requires a large tank volume in order to meet the thermal requirements 

of the IUS. The -volume of -the storage tank; and hence its cost, is determined 

by the volume of water necessary to satisfy summer design day cooling loads. 

Since the water storage system is a sensible heat storage concept, -the volume
 

of water necessary is inversely proportional to the temperature swing through
 

which the storage system operates. -Efforts to reducethe volume required would,
 

therefore, -logically start with attempts to maximize this temperature swing.
 

The IUS baselines considered in this study have a chilled water send-out 

temperature of 280 K (45 F) and a return temperature of 287 K (57 F). It 

appears that some increase in.this temperature swing can be obtained by lower

ing the chilled water supply temperature, although 278 K (40 F) should be 

considered as a minimum to avoid possible chiller freeze up problems. The 

lower temperature, however, will decrease the chiller efficiency and hence 

increase operating costs., The determination of the optimum operating tem

peratures for the chilled water system therefore requires a detailed tradeoff 

study. This analysis-was not attempted and the 7 K (12 F) temperature swing 

was assumed throughout the study. 

An alternate means for achieving reductions in the size of storage required for 

IUS would be to utilize a phase change material with a melting point within 

the temperature range of interest. Paraffins have been'suggested as appropriate 

phase change material and a particular paraff-in (C1 57C 6 by Enjay) has been 

identified (1 2 ) as a suitable thermal storage material. 
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,Lntegration. The storage concept envisioned can be considered to be.a hybrid
 

system combining a paraffin storage material with a-water storage system. The
 

paraffin would be sealed in suitable containers and these containers would be
 

placed inside a water storage tank. A sketch of the proposed concept is shown
 

in Figure 8.7. During winter operation, the temperature of the storage tank
 

will be maintained above the melting temperature of the paraffin and the system
 

will operate exactly the same as a "conventional" water storage system.
 

-During the summer months the tank will be used to store chilled water and at
 

the fully charged condition, its temperature will be 280 K (45 F). As the
 

storage system is called upon to supply cooling, the teiperature of the water
 

in the tank will rise and the'phase change material will begin to melt thereby 

-absorbing 
 its latent heat of fusion from the water. The net effect is an
 

apparent increase in the specific heat of the water contained in storage.
 

The paraffin- storage system-thdtefore offers the possibility of substantial
 

reduction in storage system volume.
 

The piping, controls, and operating procedure for the paraffin storage system
 

will essentially be the same as .to the water storage system discussed earlier.
 

Paraffin. A paraffin which appears to be well suited to IUS application is
 

C15-C16 Reference 12 reports experimental-determination of the properties
 

of this material and the results are presented in Table 8.8.
 

Paraffin Containers. The design of the paraffin containers will be critical
 

to the economic feasibility of the paraffin storage concept. Since the thermal
 

conductivity of most paraffins is relatively low, the rate at which thermal
 

energy can be conducted into and out of the material becomes an important
 

design parameter. Inorder to-assure an acceptable rate of charge and discharge,
 

it will be necessary to minimize conduction distances and to maintain large
 

heat transfer areas. This means that relatively small containers will be
 

necessary. Several researchers 1 3) have investigated -the use of micro-encapsulation
 

techniques and have reported some success. Another approach has been to
 

contain the paraffin in a series of shallow trays. The tray design has been
 

assumed for the purposes of estimating costs of the paraffin system.
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TABLE 8.8. PROPERTIES OF C15-C16 PARAFFIN(a)
 

Property 


Melting Temperature K, (F) 


Latent Heat, KJ/Kg (Btu/lb) 


Specific Heat, KJ/Kg0 K (Btu/lb°F) 


Density, Kg/m3 (lb/ft 3) 


Estimated Cost, $/Kg ($[ib) 


(a) From Reference 12.
 

Value 

287 (47) 

31 (64) 

2.17 (0.52) 

780 (49) 

0.11 (0.05) 

TABLE 8.9. SIZE CHARACTERISTICS OF PARAFFIN
 
STORAGE
 

Storage Volume, m3 


(Et3) 


Paraffin Required, Kg 

(Ib) 


Paraffin Volume, m3 


(ft3 ). 


Percent Paraffin, by volume 


1000-Unit Apartment 


1,030 

(36,400) 


2.2 x 105 

(4.8 x 105) 


276 

(9,760) 


27 


Village Complex
 

3,370
 
(119,000)
 

.95 x 105
 
(2.1 x 106)
 

1,230
 
(43,300)
 

36
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The volume change of paraffins upon solidification'will be an important con

sideration in the container design. This shrinkage effect, which has been
 

estimated to be about 10 'percent, could give rise to voids in the solid paraffin 

and act to impede heat -transfer. Proper container configuration will minimize 

this problem, however.
 

Technical Characteristics. A conceptual design of a paraffin storage system 

was completed based bn a storage capacity sufficient to supply one winter and
 

one summer design day. It should be noted that this 'storage system, when 

integrated.with. IUS, may not allow the replacement Of the auxiliary boiler (as 

was assumed for the water storage case)as auxiliary energy may be required
 

during long spells of severe winter weather. Sizing information resulting from 

this conceptual design are presented in Table- 8.9. -

Energy Storage Density. The energy storage densities for the paraffin storage 

system are shown tin Table 8.10 for winter storage, summer storage, and the 

electrical equivalent for summer storage.
 

Costs. Since the performance of the paraffin storage system will be essen

tially the same as the baseline water storage system, it is apparent that the 

paraffin system will be economically justifiable only if the dollar savings 

resulting from a reduction in the storage volume is greater than the added cost 

of the paraffin and the containers. A rough cost estimate for the paraffin 

system is presented in Table 8.11. The -tank costs for this estimate were based 

on the same unit costs as the water storage tanks presented in,Table 8.4. 

The paraffin container costs are based on data presented in Reference 11. 

When the cost estimates developed for the paraffin system are compared to the 

water system costs shown in Table 8.5, it is apparent that the dollar savings 

due to reduced tank size are overshadowed by the high cost of the container 

and that the total paraffin system cost is therefore greater than a comparable 

water system. , It is interesting to note that the. container cost would need to 

be reduced by approximately a factor of 6 in order for the paraffin concept 

to be cost competitive. 
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TABLE 8.10.- ENERGY STORAGE DENSITIES OF PARAFFIN 

STORAGE SYSTEM
 

Energy Storage Density
 

Electrical
 
Summer Storage, Winter Storage, Equivalent,
 

MJ/m 3 , MJ/m 3 kwh/m 3 

Application Btn/ft3 Btu/ft3 kWh/ft
 

1000-Unit Apartment 54 113 3.74
 
(1450) (3049) (.106)
 

Village Complex 64 107 4'45
 
(1714) (2865) (.126)
 

TABLE 8.11. COST ESTIMATE FOR PARAFFIN STORAGE-SYSTEM
 

Cost, Thousands of Dollars
 
Item 1000-Unit Apartment Village Complex
 

Tank 64 159 

Paraffin 24 105
 

Containers 149 651
 

Pumps 6 11 

Piping and Valves 20 
 40
 

Controls 10 
 15
 

Water Treatment, Misc. 5 
 10
 

TOTAL 297 1,075
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General Comments on Paraffin Storage. The paraffin storage concept described 

offers a means of substantially reducing the size of a thermal storage system 

for IrS application. It does not appear, however, that the dollar savings due 

to this reduction in size will be sufficient to offset the increased cost of 

the paraffin containers required. The container costs presented, however, are
 

based on an assumed tray configuration. Other designs may subsequently be
 

identified which could substantially reduce the cost. The micro-encapsulation
 

technique mentioned above offers some promise in this direction.
 

Paraffins are flammable and caution will need to be applied when handling the
 

material. This is, however, not expected to be a serious problem. The environ

mental impact of these systems will be approximately equivalent to water
 

storage systems and should not be severe. The system is expected to-be fairly 

reliable although replacement of tray sections which have developed leaks may
 

be required periodically. Although the storage tank would be constructed on
 

site, the paraffin containers will probably be fabricated elsewhere and trans

ported to the site for installation. This will present no difficulties as the
 

size of the trays will allow easy shipment.
 

The expansion capability of paraffin storage will be considerably better than
 

any of the other thermal storage concepts discussed due to the fact that addi

tional paraffin filled trays may be added as more storage is required. In
 

fact, the paraffin trays could be used to add storage capacity to a water
 

storage system which is no longer able to meet requirements due to increased
 

cooling loads.
 

8.40
 



References for Section 8
 

(1) 	Lorsch, H. G., "Thermal Energy Storage for Solar Heating", ASHRAE Journal,
 
17 (11), (November, 1975), p. 47-52.
 

(2) 	Yanagimachi, M. "Heat Storage Systems in Japan", ASHRAE Special Bulletin-


International Day Program ID-AC-75 (January, 1975).
 

(3) 	Fischer, H. C., "The Annual Cycle Energy System", Record of 1975 Inter

society Energy Conversion Engineering Conference, IEEE (1975), p. 251.
 

(4) 	Fischer, H. C., "Annual Cycle Energy System (A.CES) for Residential and
 

Commercial Buildings", Proceedings of the Workshop on Solar Energy Storage
 

Subsystems for the Heating and Cooling of Buildings, NSF-RANN-75-041.(1975)
 

-(5) 	 Duffy, G., "Heat Pump with Storage Concept Promises High Efficiency, First
 

Cost", Air Conditioning, Heating, and Refrigeration News (November 17, 1975).
 

(6) 	Meyer, C. F., and Todd, D. K., "Heat-Storage Wells for Conserving Energy
 

and Reducing Thermal Pollution", Proceedings from the 8th IECEC; Philadelphia,
 

Paper 739121 (August 13-17, 1973).
 

(7) 	Meyer,,C. F., and Todd, D. K., "Conserving Energy with Heat Storage Wells",
 
Environmental Science and Technology, 7 (6) p. 512-516 (June, 1973).
 

(8) 	Meyer, C. F., et al, "Thermal Energy Storage for Eco-Energy utilities",
 

GE 72 TMP-56. General Electric Company - Tempo (December, 1972).
 

(9) 	Hausz, W., "Heat Storage Wells Conserve Fuels"; Paper No. P-671, presented
 

at the Symposium on Efficient Use of Fuels in the Metallurgical Industries
 

(December 12, 1974).
 

(10) 	 Hausz, W., "Heat Storage Wells", Paper.No. P-655, presented at the Symposium
 

on Efficient Use of Fuels in Process and Manufacturing Industries (April 17,
 

1974).
 

(11) 	 Lorsch, H- G., "Latent Heat and Sensible Heat Storage for Solar Heating
 

Systems", University of Pennsylvania, National Center for Energy Management
 

and Power, NSF/RANN/SE/GI 27976/TR 72/20, 1974.
 

(12) 	 Kauffman, K., and Pan, Y., "Consequently Melting Materials for Thermal
 

Energy Storage in Air Conditioning", University of Pennsylvania, National
 

Center for Energy Management and Power, NSF/RANN/SE/GI 27976/TR 73/5, 1973.
 

(13) 	 Mehalick, E. M., and Tweedie, A. T., "Two-Component Thermal Energy Storage
 

Material", Proceedings of the Workshop on Solar Energy Storage Subsystems
 

for the Heating and Cooling of Buildings, NSF-RANN-75-041, 1975.

(14) 	Bailey, J. A., et al, "A Solar Energy Storage Subsystem Utilizing the
 

Latent Heat of Fusion of Paraffin Hydrocarbons: A Progress Report",
 

Proceedings of the Workshop on Solar Energy Storage for the Heating and
 

Cooling of Buildings, NSF-RANN-75-041, 1975.
 

8.41
 

http:Paper.No


(15) 	 Lorsch, H., "Conservation and Better Utilization of Electric Power by Means
 
of Thermal Energy Storage and Solar Heating", University of Pennsylvania,
 
National Center for Energy Management and Power, NSF/RANN/SE/GI 27996/PR
 
73/5 (July, 1973).
 

(16) 	 Libowitz, G. G., "Metal Hydrides for Thermal Energy Storage", 1974 IECEC,
 
p. 322 (August, 1974) (SAE Paper 749025).
 

(17) 	 Gruen, D. M., and Sheft, I., "Metal Hydride Systems for Solar Energy Storage
 
and Conversion", Proceedings of the Workshop on Solar Energy Storage for the
 
Heating and Cooling of Buildings, NSF/RANN/75-041, 1975.
 

(18) 	 Ervin, G., "Solar Heat Storage Based on Inorganic Chemical Reactions",
 
Proceedings of the Workshop on Solar Energy Storage for therHeating and
 
Cooling of Buildings, NSF/RANN/75-041, 1975.
 

(19) 	 Talbert, S. G., jet al, "The Design Requirements for a Viable Photochemical
 
Solar Heating and Cooling System", Paper presented at the Annual Meeting
 
of the International Solar Energy Society, Colorado State University,
 
August 21-23, 1974.
 

(20) 	Hall, R. C., "The Use of Latent Energy of Vaporization in Energy Reservoirs",
 
Solar Energy, 8 (3) (1964), p. 99.
 

(21) 	Close, D. J., and Dunkle, R. V., "Energy Storage Using Desiccant Beds",
 
International Solar Energy Society Conference, 1970, Paper No. 7/24,
 
March, 1970.'
 

(22) 	Schroder, J., "Thermal Energy Storage and-Control", presented at the Winter 
Annual Meeting of the ASME, Publication 74-WA/Oct-l (November 17-22, 1974). 

(23) 	Drage, G. D., DeVrics, G., and Karig, H. E., "Eutectic Molten Salt Thermal 
Storage System", U.S. Naval Undersea Warfare Center, NUWC TP 74'(September, 
1968). 

(24) 	Borucka, A., "Survey and Selection of Inorganic Salts for Application to
 
Thermal Energy Storage", Report to U.S. Energy Research and Development
 
Administration, June, 1975.
 

(25) 	Bienert, W. B., et al, "Research Applied to Solar Power Systems", University
 
of Minnesota and Honeywell, Semiannual Progress Report (July, 1972).
 

(26) 	U.S. Patent No. 3,848,416 to F. P. Bundy, "Power Generating Plant with
 
Nuclear Reactor./Heat Storage System Combination", (November 19, 1974).
 

(27Y 	McKinnon, R. A., "Lithium Hydride Storage Unit Development for the Sunflower
 
System", Power Systems for Space Flight, p. 447, Ed. by M. A. Zipkin and
 

R. N. 	Edwards, Academic Press (1963).
 

8.42
 



(28) 	Naumer, D. A., and McCabia, J. L., "Solar Thermoelectric Power Conversion
 
Coupled with Thermal Storage for Orbital Space Applications", Space Power
 
Systems Engineering, p. 851, Ed. by G. C. Szego and J. E. Taylor,
 
Academic Press (1966).
 

(29) 	McKinnon, R. A., Vild, T. J., and Milko, J. A.,-"Design Study of Solar
 
Absorbers with Lithium Fluoride Heat Storage", Space Power Systems
 
Engineering, p. 795, Ed. by G. C. Szego and J. E. Taylor, Academic
 
Press (1966).
 

(30)- Szego, G. C.,.and Paiewonsky, B., "Optimization of Energy Storage for Solar
 
.
Space 	Power", Energy Conversion, 8, p. 71 (1968)' .
 

(31) 	Moak, D. P., Project Director, "Thermal-Energy-Storage Supporting Research",
 
Prepared for JPL, California Institute of Technology, Contract No. 950978,
 
by Battelle Memorial Institute (September 30, 1966).
 

(32) 	Altman, Manfred, "Prospects for Thermal Energy Storage", Presentation at the
 
Combustion and Propulsion Sixth AGARD Colloquium on Energy Sources and
 
Energy Conversion, Ed. by H. M. DeGroff, J. Fabri, R. F. Hoglund, T. F. NagE
 
and M. E. Rumbaugh, Jr., AGARDograph 81, p. 135-149 (March 16-20, 1964).
 

(33) 	Sharma, R. A., and Chang, H., "Thermophysical and Transport Properties of
 
High Temperature Energy Storage Materials", Presented at a Symposium on
 
High Temperature Conversion, Tucson, Arizona, Supplement to TID-7687
 
(February 19-21, 1964).
 

(34) 	Telkes, M., "Solar House Heating - A Problem of Heat Storage", Heating and
 
Ventilating, May, 1947.
 

(35) 	 Telkes, M.-, "Solar Energy Storage", ASHRAE Journal (September, 1974),
 
pp 38-44.
 

(36) 	 Telkes, M., "Thermal Storage for Heating and Cooling", Proceedings of the
 
Workshop on Solar Energy Storage Subsystems for the Heating and Cooling
 
of Buildings, NSF/RANN/75-041, 1975.
 

(37) 	 Telkes, M., "Thermal Energy Storage", Record of 1975 Intersociety Energy
 
Conversion Engineering Conference, IEEE (1975), p. 111.
 

(38) 	Dudley, J. C., "Thermal Energy Storage Unit for Air Conditioning Systems
 
Using Phase Change Material", University of Pennsylvania National Center
 
for Energy Management and Power, NSF/RANN/SE/GI 27976/TR 72/8.
 

(39) 	Chahroudi, D., "Suspension Media for Heat Storage Materials", Proceedings
 
of the Workshop on Solar Energy Storage Subsystems for the Heating-and
 
Cooling of Buildings, NSF/RANN/75-041, 1975.
 

(40) 	Simpson, D. R., "Energy Storage Using Latent Heat of Phase Change",,
 
Proceedings of the-Workshop on Solar Energy Storage Subsystems for the
 
Heating and Cooling of Buildings, NSF/RANN/75-041, 1975.
 

8.43
 



(41) 	Van Vedhten, J. A., "Latent-Heat Energy Storage is Feasible", Electrical
 
World, p. 41 (August 15, 1974).
 

(42) 	Pickering, E. E., "Residential Hot Water Solar Energy Storage", Proceedings
 
of the Workshop on Solar Energy Storage Subsystems for the Heating and
 
Cooling of Buildings, NSF/RANN/75-041, 1975.
 

(43) 	Tamblyn, R. T., "Canadian Thermal Storage Systems", ASHRAE Special Bulletin,
 
International Day Program, ID-AC-75, January, 1975.
 

(445 	 Tamblyn, R. T., "The Case for Thermal Storage", Proceedings of the Workshop
 
on Solar Energy Storage Subsystems for the Heating and Cooling of Buildings,
 
NSF/RANN/75-041, 1975.
 

8.44
 


